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ABSTRACT

This report dQCuments a design and slzing computer program used in support

- of the Space Shuttle Low Pressure Auxiliary Propulsion Subsystem (APS) Definition
Study (Contract No. NAS 9-11012). The study objective was to identify and evaluate
.APS concepts, and to perform, for the more attractive of these, an in-depth design
and performance analysis. The study was performed for the National Aeronautics and
Space Administration, Manned Spacecraft Center (MSC), Houston, Texas.

This 1is Volume I (Users Manual) of a two volume report which documents the
design and sizing computer program. Volume I contains a complete technical descrip-
tion of the APS including a description of subsystem operation; subsystem/assembly
design descriptions; delineation of the engineering analysis equations, including
substantiation of data; and sample cases showing program input/output. Volume II
(Program Manual) contains a program description and internal program nomenclature
including a description of variable names, detailed flow charts and a program
listing. The computer program evaluates APS weight for prescribed design parameters
and sizes the APS and its components. Component and assembly models are included
for liquid propellant storage; pressurization subassembly; propellant conditioner;

-1iquid/vapor mixef; and propellant distribution network, including valves; and
engine assemblies. In addition, engine performance and propellant property models
are included. An iteration scheme is included for optimizing APS feéd component
weights as a function of engine chamber pressure. Total subsystem weight as well
as component wejights are included in the program output. APS design points and
sensitivities to design parameters and mission requirements can be obtained from

the program.
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1, INTRODUCTION

.The NASA space shuttle vehicle system for future manned space operations re-
quires development of a number of subsystems which are either new or which repre-
sent significant extensions of state-of-the-art technology. Among these is the
auxiliary propulsion subsystem (APS) used for control and maneuvering of the
shuttle vehicle after main engine cut-off. Operating on the same types of propel-
lants (i.e., oxygen and hydrogen) as the shuttle main propulsion, these subsystems
will have a minimum service life of 100 mission cycles without need of major over-
haul or refurbishment. Two basic design approaches have been concelved for the
APS: (1) a high pressure concept, using turbopumps or turbocompressors to achieve
high operating pressure levels and (2) a low pressure concept using the main en-
gine propellant tanks as an integral part of the subsystem and operating at main
engine tank ullage pressures. The latter concept was the subject of a 7-month
study, titled "Space Shuttle Low Pressure Auxiliary Propulsion Subsystem Defini-
tion". The study was conducted.for the National Aeronautics & Space Administration,
Manned Spacecraft Center (MSC)}, Houstén, Texas, under the technical direction of
Mr. Norman Chaffee. The study objective was 'to conduct preliminary auxiliary pro-
pulsion subsystem studies, which would generate information and data, for use in
the ovérall shuttle vehicle effort", and which would, "identify attractive APS con-
cepts, define their range of applicability and limitations and identify critical
technology areas and development priorities”. The study was performed by McDonnell
Douglas Astronautics Company-East (MDAC-East) and its subcontractor, Aerojet Liquid
Rocket Company (ALRC), under Contract NAS9-11012.

From the APS study, it was determined that orbiter requirements are best
satisfied by the use of an orbit maneuvering subsystem (OMS) to perform all high
total impulse maneuvers, such as orbit circularization, plane changes, and deorbit
functions, while all attitude control and vernier maneuvers, such as midcourse
correction and docking are best performed by the APS. APS velocity increments of
approximately 40 feet per second maximum were found to provide the most favorable
alleocation of +x axils maneuvers between APS and OMS. By definition, the APS uses
the maln engine tanks as low pressure gas accumulators. Propellants from separate
liquid tanks are used for main engine tank resupply. Prior to injection into the
main engine tanks, the resupply propellants are circulated through tubulér, passive

heat exchangers where they are vaporlzed and superheated. Then, during major APS‘
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operation, the warm propellant vapors from the main engine tanks are mixed with
additional liquid proﬁellants in a downstream liquid/vapor mixer and supplied to
the engines at constant temperature and pressure {(constant density). During peri-
ods of low APS usage, all propellants are extracted from the main engine and pro-
pellant pressures and temperatures at the engine inlets are allowed to vary. The
booster APS requires no separate propellant storage, since propellant residuals,
trapped in the main engine tanks following boost, are sufficient to meet APS pro-
pellant demands. The booster APS operates in a simple blowdown mode and requires
no additional control. Documentation of pertinent study results are contained in
Reports MDC E0303 (Subtask A -~ Conceptual Definition); MDC E0302 (Subtask B -
Preliminary Design); MDC E0293 (Summary Report): and MDC E0301 (Design Handbook}.
This report provides complete documentation of the "Low Pressure APS Design
and Sizing Computer Program'. The program evaluates and defines optimum design
parameters and sizes of low pressure APS, as described above, for various space
shuttle performance requirements. APS design points and sensitivities to design
parameters and/or mission requirements can be obtained from the program. Volume I
of this report is a program user's manual which provides APS technical descriptions
and deseribes the analysis approach and math models used in program development. An
example case, APS weight and siéing solutions and parametric effects are also in-
cluded. APS technical descriptions can be found in Report MDC E0301 (Design
Handbook) but have also been included in Volume I for the convenience of the user.
Volume Ii, the program manual, contains program operating instructions and in-
ternal program nomenclature, including detailed flow charts, program listings and
a description of program namés. Together these manuals provide the user with the
necessary background data, methods of analysis and instructions for efficient pro-

gram utiiization,

1-2
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2. TECHNICAL DESCRIFTION

2.1 Subsystem Operation - The low pressure APS design and sizing computer

program was written to evaluate and define optimum design parameters and size of
the low pressure auxiliary propulsion subsystem (APS). Auxiliary propulsioh is
required on both booster and orbiter elements of a space shuttle vehicle to provide
attitude control. In the case of the orbiter element, the AFS is also required for
low-impulse translational maneuvers. These subsystems operate on the same types of
propellant (i.e., oxygen and hydrogen) as the space shuttle main propulsion and use
the main engine propellant tanks as an integral part of the subsystem. Space
shuttle mission requirements dictate the number of engines, engine size (thrust
level) and engine location. '

2.1.1 Orbiter - The orbiter APS requires separate liquid propellant storage
tanks to supplement main engine tank residuals. Propellant from the storage tanks
is circulated through passive heat exchangers, mounted on the main engine tanks,
where it is superheated and injected into the main engine tanks. During major APS
operations, warm propellant vapors frem the main engine tanks are mixed with addi-
tional liquid propellants in a downstream liquid/vapor mixer, and supplied to the
engines at constant temperature and pressure. During periods of low propellant

.demand, the APS operates entirely from main engine tank propellant vapors and no
control of engine inlet conditions is employed. Isolation valves are located in
the propellant distribution network to isolate a faulty engine (or groups of
engines) in case of engine failure. The orbiter APS schematic is shown in
Figure 2-1.

Low pressure APS mission operation is as follows. At the end of boost, liquid
and gaseous propellants are trapped in the main engine tanks and feedlines. Envi-
ronmental heating of the tanks warms the propellant vapor and boils off the liquid
residual. If heating is sufficient to reach tank relief pressure, venting occurs
and propellant is lost. APS operation during this initial phase decreaées tank
pressure and precludes propellant venting. Thus, during the early mission phases,
the APS operates almost entirely from residual propellant contained within main
engine tanks. As the mission proceeds, tank pressures decay and propellant must
be resupplied from separate, liquid propellant storage tanks. The resupplied pro-
pellant is vaéorized and superheated in a passive heat exchanger, mounted to the
main engine tank. Main engine tanks thus serve both as heat sources (to condition
the propellant) and as accumulators (to store the propellant vapor). :

2-1
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During low demand and initial phases of APS operatiom, engine inlet conditions
vary since all propellant is extracted from the main engine tank. When a major
APS operation is scheduled, however, engine inlet‘conditions are closely controlled
by addition of liquid propellant (taken from the APS storage assembly) to the mixer
assembly. During both modes of operation, propellants from the liquid storage .
tanks are supplied to the main engine tanks, via the passive heat exchanger assem-
?ly; resupply fluid flow rates are controlled to match flow rates out of the tank.

After each major APS operation, propellanh vapor in the main engine tank will
be relatively cool, and tank walls will be chilled because of heat removal for
propellant conditioning. Tank wall temperature recovery 1s effected by radiation
heating from the vehicle skin. Heat transfer from the tank walls to the pas inside
ralses gas temperature and pressure to their original condition and prepares the
APS for its next major demand.

2.1.2 Booster - The booster low pressure APS operates in a simple blowdown
mode, utilizing the main engine tank residual propellants. At main engine cutoff,
the main engine tanks and feedlines contain sufficient liquid and gaseous propellant
residuals to satisfy the entire APS mission duty cycle. Hence, the booster APS
requires no additional tankage, thermal conditioning, or liquid/vapor mixing assem-
blies. The complete APS consists of g-sensitive tank outlet valves, a propellant
distribution assembly and control engine assemblies; all are shown schematically in
Figure 2-2.

" When the booster APS engines are fired, propellant vapor is extracted from
main engine tanks and pressure within these tanks decay. The thermodynamic process
correépdnding to this operation is similar to any gas storage bottle blowdown. For
low flow rates, pressure decay is nearly iséthermal; however, if outflow rate is
high, the process is nearly isentropic. Following engine shutdown, the pres-
sure apd temperature profiles are dependent on heat transfer into the system.

2.2 Subsystem Description - The orbiter low pressure auxiliary propulsion

.subsystem contains five primary assemblies:

(1) propellant storage assembly, consisting of liquid propellant storage tanks
and assoclated thermal protection, propellant positioning and pressuriza-
tion subassembly,

(2) propellant conditioning assembly, consisting of main engine tanks with an

integral passive heat exchanger,

2-3
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(3) 1liquid/vapor mixing assembly, consisting of a liquid injection/mixing
chamber and constant dénsity controls,

(4) propellant distribution éssembly and assoclated valves and controls, and

(5) engine assemblies. _
The main engine propellant tanks are also an integral part of the APS, serving o
primarily as gas accumulators, and secondarily as mixing chambers and heat sources.
| The booster low preésure auxiliary propulsion subsystem contains two primary
assemblies. ' These are:

(1) a propellant distribution assembly and associated valves and controls

(2) control engine assemblies.
A discussion of the design concepts is included in the following sections.

2.2.1 Propellant Storage Assembly (Orbiter) - The APS storage assembly must

contain sufficient propellant, when added to the main engine tank residuals, to
meet the APS impulse requirements as dictated by a specific space shuttle mission.

Oxygen and hydrogen propellant APS tank designs are similar except for pres-
surization subassemblies. A regulated, cold helium supply is used for liquid
oxygen pressurization and submerged, low suction, head pumps are used for liquid
hydrogen. The liquid hydrogen tank, shown in Figure 2-3, consists of an aluminum
structural shell (or pressure vessel), insulation, and protective covering. The
insulation subassembly is comprised of a 0.4 inch polyurethane foam substrate over
the structural shell to prevent cryopumping during ground purge, a cooling shroud
to intercept heat leaks from tank supports and surroundings, and a double-aluminized
Mylar, multilayer insulation shield for space operations. The cooling shroud is a
one mil aluminum foil dip-brazed to a coil of 1/8 inch aluminum tubing., A small
quantity of liquid hydrogen, which is extracted from the storage tank, is circu—
lated through the coil where it absorbs incoming heat through vaporization.  The
hydrogen is extracted from the propellant acquisition device, throttled to reduce
its temperature, and passed through the tank insulation cooling shrouds (first the
Hy and then the 03 tank) prior to being vented overboard. Tank insulation is fab-
ricated in gore segments laced together and is protected from structural damage and
atmospheric molsture degradation by a fiberglass outer shell. The oxygen tank is
identical except that the polyurethane foam substrate is not required.

Both hydrogen and oxygen tanks incorporate a surface tension screen device
for propellant acquisition. The surface tension device is made up of three annular
trays, as shown in Figure 2~3. Each tray consists of an aluminum channel covered
by a perforated plate, which serves as a screen support and adds to rigidity.

2~-5
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Oxygen tank pressurization is accomplished by a conventional cold helium
pressurization assembly. A high pressure (3,000 lbf/inza) stainless steel helium
storage tank is mounted inside the liquid oxygen tank. Regulators maintain tank
pressyre at 35 1bf/in2a.

Hydrogen pressurization requirements are satisfied by low head rise, motor
driven boost pumps submerged in the hydrogen tank outlet, The hydrogen tank 1s
prepressurized to 40 lbf/inza with helium. Combined with a 10 percent initial
ullage volume, this prepressurization level ensures at propellant depletion a
-minimum of 0.5 1bf/in2 above propellant vapor pressure. This includes allowances
for helium solubility in LH2.‘ .

Pertinent physical and performance characteristics of the propellant storage
assembly are'summarized in Figure 2-4.

2.2.2 Propellant Conditioning Assembly (Orbiter) - The propellant conditioning

assembly is composed of.main engine tanks, multiple tube/heat exchanger, and asso-
ciated contfols for propellant resupply. Hydrogen and oxygen heat exchangers are
constructed of aluminum tubing to achieve high heat transfer rates and low weight.
Figure 2-5 defines the heat exchanger concept.and shows how the tubes are attached
to tank longitudinal stiffeners. The section modulus of the tube and flange adds
to longitudinal rib stiffness providing a potential reduction in tank ribd height
and weight.

Heat exchanger design characteristics include number of panels; number of -
tubes per panel; and tube length, spacing, and diameter.  Dimensions are presented
in Figure 2-6 for a typical heat exchanger designed for an APS which provides a
maximum velocity increment of 40 feet/second. Propellant gas velocities in the
tubes are limited to Mach 0.3. Conditioning assemblies were sized (tube length,
spacing, et¢.) to maintain final main engine tank pressures of approximately
20 1bf/in2a. Heat exchanger design inlet pressures are at 35 1bf/in2a for oxygen
and 57 to 35 lbf/inZa for hydrogen. Resupply flow rates are established by a
pressure/temperature controller which is designed te maintain a constant vapor mass
within main engine tankg at all timea. Flow modulation is achieved with valve-
orifice assemblies.

2.2.3 Liquid-Vapor Mixer Assembly (Orbiter) - The liquid-vapor mixer aséembly

i3 used during major APS operations, to provide constant pressure and temperature
at the engine inlets, thus achieving constant thrust level and mixture ratio. The

mixer is located in the main propellant distribution line, downstream of the main

2-7
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OXYGEN - HYDROGEN
PRESSURIZATION
TYPE COLD HELIUM PUMP
STORAGE PRESSURE, LBF/IN2A 3000 . {40 HE PREPRESS)
STORAGE TEMPERATURE, ° 165 -
SUPPLY PRESSURE, LBF/IN.2A 35 35 MIN
PUMP HORSEPOWER, BHP - 6.1
ELECTRICAL POWER - 208Y (23 AMPS)
PROPELLANT TANK
VOLUME, FT3 67 634
DESIGN PRESSURE, LBF/IN.2A 35 40
MATERIAL 2219~TB7 AL 2219~ T87 AL
INSULATION HPI HPI/CRYOFOAM
THICKNESS, IN. 0.97 0.68 (HPI) /0.42 (FOAM)
COOLING | HoVENT H,VENT
VENT RATE, LBMR - 0.45
SHROUD 1 MIL AL FOIL 1 MIL AL FOIL
TUBING 1/8 DIA:0.010 WALL | 1/ DIA; 0.010 WALL
PROPELLANT ACQUISITION SCREEN TRAP SCREEN TRAP
EXTRACTION RATE, GPM 103 550
HYDROSTATIC HEAD,LBF/FTZ 8 6.4
EXPULSION EFFICIEN CY 0.987 0.991

APS PROPELLANT STORAGE DESIGN SUMMARY

PO o
P AR TR W)
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HEAT EXCHANGER PANELS
(TWO Oy, FOUR Hy)

STFT

UHFT~—-

TANK CONSTRUCTION

0.68 x 0.75 LG CUTOUT
{TYPICAL EACH TANK RING)

TANK LONGITUDINAL
STIFFENERS o

4 IN. SPACING (05) &
10 IN. SPACING (Hy)

PASSIVE HEAT EXCHANGER CONCEPT

TYPE

LOCATION

ATTACHMENT

TUBE CHARACTERISTICS
MATERIAL
DENSITY, LBW/IN?
DESIGN TEMPERATURE, °R
ULTIMATE STRESS, LBF/IN £
ULTIMATE SAFETY FACTOR
MINIMUM GAGE, INCHES
MAXIMUM MACH NUMBER

PANEL DIMENSIONS
NUMBER OF PANELS
NUNBER OF TUBES
TUBE LENGTH, FT
TUBE SPACING, IN
TUBE DIAMETER, IN

MULTIPLE TUBE/HEAT SINK

BOND AND RIVET

B EIELIFTPRE

/.

TANK RING
EVERY 20 IN.

INTEGRAL WITH MA(N ENGINE TANK WALL
TUBE FLANGE RIVETED TO TANK LONGITUDINAL STIFFENERS

2014--T6 ALUMINUM

0.100
530
64,000
2.0
0.022
0.2
QOXYGEN
2
154
175
40
0.3%4

HYDROGEN
4
62
15.0
10.0
0.298

HEAT EXCHANGER DESIGN CHARACTERISTICS
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engine tank. This . assembly consists of a liquid injection/vapor mixing chamber and
two independent controls: a pressure regulator and a liquid flow rate controller.
Cold liquid propellant is injected into the mixing chamber, where it is combined
with warm propellant vapors (extracted from the tank) to achieve a constant propel-
lant density.corresponding to predefined mixer temperature and regulated pressure.
Minimum engine inlet temperatures are 200°R for oxygen and 150°R for hydrogen,

based on engine ignition criteria and maximum allowable injector temperature differ-
entlal Mixer physical characteristics required to achieve these conditions are
shown in Figure 2-7 for the selected APS design. A .

- Mixer design is similar for both oxygen and hydrogen propellants, consisting
of a liquid injection element, with hyperthin vanes located normal to the gas
stream, and a downstream mixing length to allow liquid vaporization. Liquid flow
is controlled by a motor driven cavitating venturirthrottle valve to provide a
prescribed temperature at the mixing chamber outlet. This valve maintains constant
liquid injection pressure and decouples liquid flow rates from mixing chamber pres-
sure fluctuations. The pressure regulator is a motor driven IRIS or petal-type
throttle valve, '

2.2.4 Propellant Distribution Assembly (Orbiter and Booster) - The propellant
distribution assembly supplies propellant from the liquid/vapor mixer assembly to

the engine agsemblies and provides- engine isolation in case of failure. Ducts,
valves, and linear and angular compensators make up this assembly. Each section of
ducting includes linear and angular compensators as required to absorb normal manu-
facturing tolerances, differences in thermal expansion between ducts and vehicle
structure, and load-induced structural motions. A typical line and compensator
installation is shown in Figure 2-8.

Line routing and valving are typified by the oxygen distribution assembly
schematically depicted in Figure 2-9 for the selected orbiter design. 1Isolation
valves are located as shown to provide shutdown of engine groups when necessary.

To minimize weight, main engine tank pressurization lines are used ag primary APS
distribution trunk lines. These lines extend nearly the full length of the orbiter
and booster, and are of sufficlent diameter to accommodate APS flow requirements.
All remaining lines are sized to provide minimum subsystem weight by balancing line
weight penalty (a function of friction losses) and engine weight penalty (a function
of resultant chamber pressures) for the maximum number of engines that could be

fired simultaneously.

2~-10
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\ A
. \ o
_ - 0.50 IN. TYP
/ B "~
'\ - .
| / ‘\ T- --AA
varoRr / \ 1
A +-=q
: &\\\\\ % ,
- .
S .~ uuo _ 1
250N, ™ |
0.094 IN.
ITEM o, | A
MIXER WIDTH A, IN 740 | 820
HEIGHT B, IN 740 | 820
LENGTH L. IN 500 | 5.00
DROPLET DIAMETER, IN. 0.002| 0.002 070 IN.
TOTAL PRESSURE DROP 10 | 15
GAS STREAM, LBF/INZ TYPICAL VANE
PRESSURE DROP, LIQUID, LBF/IN? 100 | 78
GAS STREAM MACH NO. : 0.2 | 0z
LIQUID DISCHARGE VELOCITY MAXFPS (20 | 47
PROPELLANT LIQUID/VAPOR MIXER
FICYIL 27
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Distribution network design characteristics are given in Figure 2-10. All
lines are fabricated from minimum gage aluminum. Minimun gage dimensions are
dictated by fabrication and handling requirements and were determined from a survey
of current aircraft usage. The bellows-type angular and linear compensators are
also constructed of aluminum. Visor type isclation valves are used to minimize
enveLope,rweight, and pressure losses.

2.2.5 Engine Assemblies (Orbiter and Booster) - APS engine assemblies provide

all attitude control for the orbiter and booster, as well as vernier translation
maneuvers for the orbiter. Engine assemblies include propellant control valves,
injector, combustion chimber, and nozzle. The engine design features are shouwn
in Figure 2-1l1. Engine cooling is achieved by hydrogen film cooling along the
interior of the combustion chamber and nozzle wall. Combustion chambers and noz-
zles are fabricated of thin wall, high temperature steels, while the head end is
fabricated of aluminum to minimize assembly weight. The two dissimilar materials
are attached by welding to a bimetallic ring. Chambers and nozzles are externally
insulated with MIN=K-~2000 insulation. Ignition is achieved by a sequenced electric
spark torch ignitor, and propellant flow control is achieved by pneumatically
actuated, pilot operated, coaxial poppet valves. Helium for the pneumatic sub-
assembly is stored at 3500 1bf/ina in three titanium tanks.

The booster engine is similar to the orbiter engines. Differences result from
a higher booster engine thrust level and lower expansion ratio which optimize at an
expansion ratio of 2:l and a mixture ratio of 2:1. The orbiter engine uses an ex-
pansion ratio of B:1 at a mixture ratio of 3:l. A summary of engine physical
characteristics is shown in Figure 2-12 for the gelected APS orbiter and booster

design.
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DISTRIBUTION LINES

MATERIAL 2219 ALUMINUM

DENSITY (LB/N.3) 9.101

DESIGN TEMPERATURE (“RE 530

ULTIMATE STRESS LBF/IN.¢ | 64,000

ULTIMATE SAFETY FACTOR | 2.0

MINIMUM GAGE (INS)

LINE DIAMETER 2-4 0.022
4-6 0.035
£-9 0.049

COMPENSATORS ,

TYPE, ANGULAR SOCKET/BELLOWS

' LINEAR IN LINE BELLOWS

MATERIAL . 2219 ALUMINUM
TSOLATION VALVES

TYPE VISOR

MATERIAL ALUMINUM

ACTUATION 0C REVERSIBLE MOTOR

DRIVE Wi TH CLUTCH BRAKE
DISTRIBUTION ASSEMBLY DESIGN CHARACTERISTICS
{Oxygen and Hydrogen)
FICURE 210
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1T 11 S — Y — 1080
CHAMBER PRESSURE.---- = LBF/IN.2A.cc-o SO 137
MIXTURE RATIO----<evnssremmmmsnrnmamssssammmsscamsnarmnsnnnns 3.0
EXPANSION RATIO ~--ssnammmmmrsasmesasmmsemoomam oo aan e nmmanas 31
INLET PRESSURE---===nx=- = LBF/IN2A cemeeemmemmmenmcaeeaaan 1517
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SPECIFIC {MPULSE-=--=----- = SECS =--eemrmemmmceorrmmcamn e 376.5
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~ IGNITION & MISCELLANEOUS - -nnnnnsmnmmmmmsooeommnansaaas 8.0
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— NOZZLE EXIT DIAMETER (0.D.):-nnznnmeememmmmnnsrreemmees 24.0

~ INTERFACE DIAMETER - --+nsnnsssmmmzescmmnmsramsannannas 19.0

— VALVE EQUIVALENT FLOW AREA ~ IN.Z (0p/Mg)----------- 4.15/4.90

ORBITER APS ENGINE DESIGN CHARACTERISTICS

THRUST -mmce e ecimmemea e 1 - F 2500

CHAMBER PRESSURE. - = LBF/INZA eacmmnccnnnaenanneas 11.0
MIXTURE RATIO === wnnenn s cmremmmmmmemmmmncmmnassnsasmsrenannss 2.0
EXPANSION RATIO --nvvcvmmscmmmsmmmmrnnememmnmssemnomsnsanenns 21
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BOOSTER APS ENGINE DESIGN CONDITIONS
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3. ANALYSIS

3.1 Approach - The APS design and sizing computer model consist of a main
program which controls input/output and numerous subroutines which model the
subsystem components and properties of the propellant. It also contains an itera-
tion scheme for optimlzing flow and pressure balances. A simplified flow chart
is shown in Figure 3-1,

Tbe subsystem has been divided into assemblies and components which depend
upon propellant flow rates (e.g., feed system), and assemblies which depend only
upon thellength of operation or total impulse required of the subsystem. Engines,
distribution lines, valves, and the liquid/vapor mixer (all flow rate dependent
components) are sized as a function of engine chamber pressure based on the minimum
available main engine tank pressures. All lines are sized to provide minimum sub-
system weight by balancing line/valvé weight (a function of friction losses} and
engine weight'penalty (a function of resultant chamber pressures) for the maximum
number of engines that can be fired simultanecusly. Line gas velocities are
limited to Mach 0.3 maximum. Adibatic line flow with friction is assumed for this
‘analysis. Impulse dependent assemblies and components include propellant quantity,
propellant tankage and ﬁressﬁrization subassembly, and the heat exchangers.

Mathematical models of the subsystem components are described below: Models
have also been included to evaluate engine performance; thermodynamic properties
of hydrogen, oxygen, and helium; and optimum engine chamber pressure (curve fit
of feed system weight as a function of chamber pressure).

3.2 Component Models

3.2.1 Engine Performance - Low pressure engine performance was evaluated by

ALRC For the nominal case and over the range of conditions shown in the follow-
ing table. Although the nominal values are based on an ALRC/NASA-LeRC develop-
mental engine design, they also represent an approximate average of the orbiter

and booster APS engine design points tabulated in Figure 2-12.
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Parameter ' Units _ Nominal Range
Chamber Pressure 1bf/in2a 15 10 - 30
Thrust ' : 1bs 1500 - 300 - 4000
Mixture Ratio 0/F 2.5 ' 2-6
Area Ratio Ag /Ay 5.0 2-15
Oxygen Inlet Temperature R 540 200 - 800
Hydrogen Inlet Temperature °R 540 100 - BOO
| ENGINE DESIGN PARAMETERS | FIGURE 3-2

Bésed on performance analyses the following effects were evaluated over the
above parametric_range:: |
(1) theoretical specific impulse variations - due to variations in chamber
pressure, area ratio, mixture ratio and inlet propellant conditions
(2) reaction kinetic losses - due to finite reaction rates which do not
permit equilibrium conditions to be maintained during the expansion
process ' '
(3) mixture ratio maldistribution loss - due to hydrogen film cooling of the
: inner combustion chamber and nozzle wall
(4) boundary layer loss - due to shear drag and heat transfer effects along
_ the boundary of the thrust chamber .
(5) non-axial exhaust velocity (divergence loss) - due to two-dimensional
flow effects which reduces nozzle thrust
Standard assessments of the magnitude of these losses were accomplished
through the use of the ICR?G propellant performance evaluation technique described
in Reference (a). The theoretical specific impulse was calculated for variatioms
in chamber pressure, area ratio, mixture ratio and inlet propellant conditions
using a one-dimensional shifting equilibrium performance computer ﬁodel. Then
with the technique of Reference (a), each of the specific impulse losses which
make up the combined total of perfprmance inefficiency 1is calculated ovér the
variable ranges indicated in Figure 3-2. The sum of these losses, subtracted
from theoretical, results in the engine delivered performance for any operational
point. ‘
It should be noted that cooling requirements are extrapolated from design

point calculations. The cooling requirement is adjusted for changes in mixture

3-3
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ratio, thrust level, chamber pressure, and inlet propellant temperature changes as

stated in the following equation:

, ' F. \.5 /P 5T, - T : -
wwre = aree, (Bt1) (B )2 Fe ) .T.I:hl.._..T..z.ri) £ 1
1.!R'N cN PN H2 -

The influence of the design conditions upon the required percentage of fuel film
coolant is included in the performance model.

The engine delivered specific impulse is presented-in Figures 3-3 through
3-6 based upon the primary variables of chamber pressure, thrust, mixture ratio,
expansion ratio and propellant inlet temperatufes. A negligible impact on Isp
was determined for different engine chamber pressures. The increased performance
provided by increasing chamber pressure (thus reducing kinetic losses) is offset
by a corresponding increase in percentage of film coolant required to cool the
combustion chamber. This trend is considered valid for thrust-to~chamber pressure
ratios of 2 to 100. Vacuum specific impulse increases with thrust as shown in.
Figure 3-4 due to reduction in boundary layer losses and film cooling mixture
ratio maldistribution losses. The film cooling requirement decreases with in-
creasing thrust as seen from Equation 1, thus allowing the engine core to
operate at a higher overall mixture ratio closer to optimum conditions,
Also shown in Figure 3-4 are performance increases with area ratio which result
from the increases in exit velocity with the corresponding larger pressure ratio.
For the low pressure engine, only minor performance increases are cbtained for
area ratios above 20. Performance increases at lower mixture ratios (Figure 3-35)
reflect decreases in kinetic losses and mixture ratio maldistribution losses
associated with film cooiing. Increases in propellant inlet temperature result
in increased performance due to the enthalpy rise of the combustion products.
Since hydrogen has a high specific heat compared to oxygen, it has the most in-
fluential effect on performance as seen in Figure 3-6,

Performance trends as a function of the design and operating variables have
been mathematically represented in the form of polyﬁominal curve fits, The per-

formance equations are as follows:

3-4

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST



ISP

3

9

LOW PRESSURE APS DESIGN AND SIZING MDC E'}:ﬁ‘,’
COMPUTER PROGRAM ‘{,"Oﬁw .

.0615486E+2 + 8.236289E+1MR - 2.5341553E+1MR2 + 2.0052997E+0MR3

2 3

.5669612E-1 + 5.6185918E-5F - 2,4131457E-8F" + 4.8906032E-12F

4.5638046E~16F + 1.5831677E~20F"

.2869684E-1 + 1.2401970E-1€ - 2.1588381E-2€~ + 1.9211745E-3€
8.3143012E-5€" + 1.3822125E-6¢€
1.8883830+1 + 4.4876594E-2TH, - 1.8175606E—5TH22

2

2.8246153EH) + 5.6461-536E-3T02 - 7.6923060E-7T02

1+ (G -1) (F- 1500)
3500
1.02231 - 1.8563732E-2MR + 4.2676188E-3MR"
(Cyp X Cp X Ce X C¥) + cTH + cTO
| 2 2
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3.2.2 Engine Weight - Engine physical characteristics were identified by ALRC
through the calculation of physical geometry and subsequent calculation of material

weights for the nominal design point shown in Figure 3-2 and other sample point

design engines. Igniter, propellant control valves, injector, combustion chamber,
and nozzle are included in the weight analysis. Predominant contributors to the
low pressure engine weight are the injector and propellant valves, which together
comprise about 75 percent of the total engine weight. The welghts are based on
the use of a lightweight aluminum injector and structural adapters. The propel-
lant valves are constructed of aluminum also and were sized for the equivalent
flow orifice required.

The low pressure engine weight was found to be very sensitive to design point
conditions. The sensitivity to thrust and chamber pressure is shown in Figure 3-7
for various nozzle expansion ratios.‘ Also shown is engine weight sensitivity to
nozzle expansion ratio for various thrust to chamber pressure ratios. Engine
welght as a function of thrust, chamber pressure, and nozzle area ratic is math-

ematically represented in the form of polynominal curve fits. Equations represent-
ing engine weight are:

W(E/P_) = 26,698 + 0.90973(F/Pc)—1.7&85x10_3(F/Pc)2+4.5798x10-6(F/Pc)3
- 2.4995jsx10'9(F/Pc)4

W(€) = .703277+1.82569x107 2(€) + 7. 274%1073 (€)% + 3.0347x10"°(e)>

"ENg = WC(E/B) x W (€)

These equations are applicable over the design parameter range shown in Figure 3-2.
A pneumatic assembly is required for engine valve actuation and weights for
this assembly are included in the engine weight subroutine. The pneumatic sub-
assembly consists of titanium tanks, stainless steel distribution lines, valves
and regulators. Helium requirements are a function of propellant valve design and
size, seat loads, opening times, and number of cycles (function of mission duty
cycle). Detalled analysis for both. the booster and orbiter APS indicated pneumatic
assembly weight to be about 5.5 lbs. per engine. The reader is reférred to Ref-

erence (b) for detailed pneumatic actuation requirements and a breakdown of the
pneumatic assembly weights.
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3,2.3 Distribution Lines - Propellant distribution lines are eized to provide
minimum subsystem feed weight by optimizing 1ine/valve weight, a function of fric-

tion losses, and engine weight penalty, a function of resultant chamber pressures.

Available pressure drop for the distribution network is known based on:
{1) minimum main engine tank pressure over the entire mission duty cyele,
(2) pressure drop across the engine valves and injector, and
(3) design chamber pressures which are assumed and then iterated to deter-
mine the chamber pressure corresponding to minimum subsystem weight.

An engine valve and injector pressure drop of 2.0 lbf/in2 is estimated to
be the minimum acceptable value for good mixing performance and the avoldance of

low frequency stability coupling between the combustion process and the feed net-
work. The availsble line pressure drop is distributed uniformly along the distri-
bution line length, Line diameters are then calculated for worst case conditions

using the empirically derived Fanning equation given in Reference (c) as:

Ap = Kva.arz/D5

where K = (32) (12)/7m2p

*2 1/5
“ 5§17 (.00753w TLf)/
Ap.p M

The Fanning friction factor (f) is graphically presented in Reference (¢) as

a functioﬁ of flow rate and is mathematically represented as:

£ = .0065 - ,000515 Ln (WI/M)

Worast case conditions are defined as maximum flow through the lines based on
the maximum number of engines that can be fired simultaneously and using maximum
gas temperature assoclated with major burn.

The distribution line thicknesses are first calculated based on the hoop
stress equation using a sﬁfety factor (S.F.) of 2 and an ultimate gtrength(S) of
64000 lbf/infa for aluminum.

The calculated thickness is then compared to ﬁinimum gage which is a function
of line diameters as shown in Figure 2-10. These dimensions were obtained in a

survey of current aircraft, reported in Figure 3-8, and are primarily a function of
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fabrication and handling limitations. The line weight can then be calculated
knowing the length, diameter, thickness, and material density.

Line compensator weights were calculated in detail for both the selected
orbiter APS and booster APS baseline design using existing hardware as a guideline.
Compensator weight is, of course, a function of line length‘and diameter and thus,
line weight. Prom the baseline design analysis, compensator weight was found to be
approximately equal to line weight for both booster and orbiter, The detailed

weight breakdown can be found in Reference (b).

WMAXIMUM MINIMUM

“MODEL USAGE DIAMETER GAGE MATERIAL REMARKS
(INCHES) | (INCHES)
F-4 ENGINE BLEED & 2.0 0.016 STAINLESS | 0,020 MINIMUM HANDLING
VENT 4.5 0.020 STEEL - |
F—4 FUEL 3.0 0.035 STAINLESS
STEEL
Fd AIR CONDITIONING 2.5 0.028 ALUMINUM | WINIMUM BASED ON BENDING,
LINE PRESSURE =25 PSI
DC-10 | ANTIICE ' 2.5 0.025 STAINLESS
0.035 STEEL
DC-10 [ PNEUMATIC BLEED,| 6.0 0.025 TITANIUM | TITANIUM USED TO SATISFY
ENVIRONMENTAL 400 TO 700°F THERMAL
CONTROL ENVIRONMENT
DC-10 | FUEL VENTS 3.5 0.028 ALUMINUM | 0.035 MINIMUM GAGE FOR WELDING
4.5 0.035

AIRCRAFT DUCTING SURVEY

FIGURDY -2
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3,2.4 Valves — Both liquid and gas valves are required for the auxiliary pro-
pulsion subsystem. Cryogenic valves are required for the APS propellant tankage,
thermal conditioning, and liquid/vapor mixer. Gas valves are required in the
liquid/vapor mixer assembly and for engine isolation in the distribution network.
Engine propellant control valves have been included in the engine weight model as
discussed in Section 3.2.2. A survey of currently available cryogenic valves (in-
¢luding ball, Blade and solenoid) has shown that all valve weights can be repre-
sented as a function of flow diameter. For the selected gas isolation valve,
weight was also found to be a functior of flow diameter. This valve 1s a visor
type, constructed of aluminum, and is actuated by a DC reversible motor drive with
clutch brake. Valve and actuator weights as a function of flow diameter are shown
in Figure 3-9. -

The cryogenic valves can be represented mathematically by:

1.378
wLIQ. VALVE (2.43)D

As seen from Figure 3-9, this equation 1s somewhat conservative for small flow
diameters. The equation representing the gas isolation valve weight is:

1.21447
WISO. VALVE — (1.59237)D

3.2.5 Curve Interpretation - This subroutine model provides a curve fit of a

single independent variable utilizing either a least square curve fit of second

order or a Lagrange curve fit. The Lagrange Method is not used but was included
in the model since this was an existing subroutine. Specifically for the APS
program, the least square method 1s used to optimize the subsystem feed weight
(dependent variable) as a function of chamber pressure {independent variable}.
The least square coefficients (C's) are returned in descending order te the main

program, There the optimum chamber pressure is determined as follows:

W c, P 2 + C Pc + C

FEED =~ "1 "¢ 2 3

differentiating, dW/ch = 26,2 +C

1 2

2 2
and  dW/dP_~ = 2,

The optimum (minimum) chamber pressure exists at - C2/201 when C1 is greater than

Zero.
3-14
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3.2.6 Liquid/Vapor Mixer - The mixing assembly consists of a liquid injection

mixing chamber located in the propellant main distribution line, IRIS pressure
regulators, gas flow control valves, liquid throttle valves and liquid control
valves. A mixing assembly is required for both the fuel and oxidizer sides of the
subsystem. Mixing chamber physical characteristics (see Figure 2-7) and weights
are related to the maximum distribution line diameter since chamber size is a func-
tion of total propellant flow rate which also determines the size of this line.

The felationship is:

2
WCHAM)HZ = (.0339) (5.) (Dy,)"

2

wﬁHAM)OZ = (.0635) (5.) (DO2 )
where the numerical valves are effective injector densities and injector length
(assumed constant at 5.0 inches).

For the IRIS type regulator, weights of different size units were obtained
from Lundy Electronics and Systems, Incorporated. Since these units provided slow
response, weights were adjusted upward to compensate for larger actuators. Inlet
design conditions are 25 1bf/1nza and 500°R. Regulator weights ag a function of
flow rate are:

Yreg B2

6.39142 (ﬁH ) 0.401987
2

#

W, .0

rEG’ 92 3.66081 (w02) 0.401987

Liquid cavitating venturi throttle valve weights (including actuator weights) are
determined by means of a curve fit which relates weight to total liquid flow rate
and engine specific impulse. The curve fit is based on LEM descent engine valve
welghts and orbiter APS valve baseline design weights. The mathematical rela-

tionship is:

= . % ¥
Wry, = <0944 (wLIQ Isp/100.) + 2.45 (WLIQ

where the liquid flow rate is the combined fuel and oxidizer flow rates. Mixer

1.115 421

* Isp/100.)

liquid flow rates are maximum when the temperature of the gas being removed from
the main engine tanks are at their maximum levels. The ratio of liquid to engine
flow rate is obtained by performing a mass and energy balance about the mixing as-

sembly which reduces to:

/ h )

Wr1¢/Veng = (gas ~ Peng’ / (gas ~ PLig
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Typical-hydrogen and oxygen liquid flow ratios are 0.78 and 0.48 respectively
for inlet gas temperatures of 600°R, and outlet mixer temperatures of 150°R (Hz)
and 200°R (02). _ '

Liquid and gas valve weight models have been presented in Section 3.2.4.
Three liquid and two gas valves are normally assumed to satisfy shuttle reliability
requirements and each valve is sized to handle total flow required. 1In addition,
the fuel and oxidizer 1liquid flow rates are limited to 50 ft/sec and 30 ft/sec re-
spectively. As for the throttle valves, the liquid valves are sized for the maxi-
mum liquid flow rates based on inlet gas temperatures of 600° R.

3.2.7 Propellant Conditioning Assembly (Orbiter) - The heat exchanger design

characteristics (i.e., number of panels; number of tubes; and tube length, spacing,
and diameter) are obtained from the low pressure APS operational program (Reference
{d)) since: (1) the heat exchangers are mounted on the main engine tank walls and
heat removal affects internal gas temperature and pressure and (2) heat exchanger
requirements are strongly dependent on the mission duty cycle (propellant usage
rates) and also upon the maximum velocity increments performed by the APS. Typical
results from the operatlon program are shown in Figure 3-10 for the orbiter APS.
Shown are minimum main engine tank pressure and temperature as a function of heat
exchanger design characteristics. Selection of minimum design pressure and temper-
ature will dictate the heat exchanger design characteristics.

In addition to the tubing, the heat exchanger consists of tube attachment
flanges and rivets, liquid lines, manifelds and valves. '

All line and manifold weights are determined in essentially the same manner.
Line sizes are based on maximum flow requirements associated with the maximum num-

ber of engines that can be fired simultaneously, 1.e.

A = I:JMAX/pv
Liquid line velocities are limited to 50 and 30 fr/sec for hydrogen and oxygen,

respectively. The liquid line flow is then equally divided among each heat ex-
changer panel to determine the liquid manifold size. Gas manifold flow rates and
thus sizes are based on utilizing four inlet ports (per manifold) to the main en-
gine tanks. Line thicknesses are evaluated based on hoop stress or minimum gage
limitations (program input). A safety factor of 2 and ultimate strength of 64000
lbf/in2 (aluminum) are used. .
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Line lengths are simply:

L

+ ; i
L L1 (Np) (Lp), liquid lines
and
| LM = STNT; manifolds
Ll is the distance from the APS storage tanks to the heat exchangers. The
above allows calculations of line weights from:

W = 7wDtlp

Valve weights are based on the cryogenic valve weight models presented in Sec-
tion 3.2.4. The number of liquid valves required is a function of reliability re-

quirements. Valves are sized to handle maximum flows,
3.2.8 Propellant - The quantity of propellant required to perform a specific
mission is determined as:

Wy, = ITOT/ISPI (MR+1)

Wo, =(WH,)MR)

The space shuttle mission dictates the total impulse required. The specific
impulse is determined at tﬁe thrust level, mixture ratic and expansion ratio of in-
terest and at the hydrogen and oxygen engine inlet temperatures associated with a
major burn (1.e., mixer outlet temperatures). The usable APS tanked propellant
weight is then obtained by subtracting the available main engine residual propel-
lants (a function of the shuttle mission) from the required propellant weights.

The available residual propellant weights are obtained from the low pressure APS
operational program Reference (d). The APS propellant tankage requirements are

then computed by combining the usable propellant weight with vent, boiloff, and
APS liquid residuals as discussed in Section 3.2.9. '
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3.2.9 APS Propellant Tanks - The tank design consists of an aluminum pres-

sure vessel, polyurethane substrate (on the H, tank oply), cooling shroud, insula-
tion, protective fiberglass shell, and a propellant acquisition device. The model
also adjusts the usable propellant weight by including propellant themodynamic vent
and boil-off losses and liquid residuals. This gives the total propellant tankage
requirement which determines the tank size. Individual component weight models are
scaled from preliminary tank design points, corresponding to propellant weights of
1930 lbs. hydrogen and 5800 1lbs. oxygen. The tank model is based on an 8‘day shut-
tle mission.

The propellant vent and boll-off rates are a function of tank surface area
which is related to the propellant weight (A = fn (Wp)2/3). Only hydrogen is thermo-
dynamically vented through the cooling shroud of both the hydrogen and oxygen tanks.
Hydrogen vent rates are defined by heat inputs to the hydrogen tank which at the
design point, amounts to 81.7 BTU/hr. This value is made up of 72 BTU/hr through
the insulation and 9.7 BTU/hr through lines and supports. Designed to absorb this
heat input, the vent effluent has sufficient residual cooling capacity for oxygen
tank cooling. Scaled, then, on the bases of usable hydrogen weight, the vent rate

is:
v, o= [(wH2/1930)2’3 (72) + 9.71/n,

Calculation of the vent rate permits calculation of the hydrogen vent requirements
based on an 8 day mission.
Reentry boll-off rates for both oxygen and hydrogen are scaled from the design

point by the surface area as:

. - 2/3
Voo = (¥p) (wp/(wP)D)
Combining the usable propellant based on mission requirements with the vent and

boil-off requirements, and adjusting for APS residuals gives the total tanked

propellant, 1l.e.

Wp {(tanked) = WP (usable) + Wp(vent) + Wp {(boil-off)
Residual Factor

The residual factors for this tank design concept are 0.991 and 0,987 for the hy-

drogen and oxygen tanks.
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Tank volumes are based on tanked propellant requirements and 10 percent and
5 percent ullage allowance for the hydrogen and oxygen tanks respectively. Tank
volumes are:

Vv = (Wp(tanked)/pL) (Ullage)

which allows calculation of the tank radius and surface -area for the spherical de-
~sign. Tank wall thickness are calculated based on stress, safety factor of 2, and
ultimate strength of 64000 lbf/inza for aluminum. For thin-wall spherical pressure

‘vessels the stress relationship is:

£ = (®) (Ry) (5.F.)/(2) (8)
Minimum wall gage is 0.04 inches based on fabrication techniques. The pressure
vessel weight may then be calculated knowing the tank surface area, wall thickness,
and material density. A 10% non-optimum factor is applied to these weights to ac~
count for bosses, welding, etc. Reference () suggests tank mounting welghts of ap-
proximately 10 1b/ft diameter for oxygen tanks and 0.1 lb/ft3 volume for hydrogen
tanks. The weight of the hydrogen tank polyurethane substrate is calculated based
on the surface area as: :
| e = Gy )y (ep) ()

where the foam thickness and density are 0.42 inches and 2.5 1b/fe3.

The cooling shroud consists of aluminum tubes dip-brazed to an aluminum shroud.

The shroud characteristics for the design point are:

TUBE TUBE SHROUD VENT

SHROUD PASSES I1.D. THICKNESS THICKNESS RATE
H, 14 0.105 in 0.01 in .005 in .45 1b/hr

o, 9 0.105 in 0.0l in ,001 in —

For off-design cases, the number of passes is adjusted by the ratic of vent rates
which in effect holds the liquid veloeity in the tube constant, 1i.e.

wv/N = (WV/N)D
where the tube flow area is alsoc assumed constant. Tube material cross-sectional
area including two attachment flanges (.188 long by .01 1ins thick) is
7.36 x 107> 1n?

weight is then calculated as:

, and tube length is half the circumference of the tank. Tube

Wop = (Bg) (M (Rp) (M) (py)
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and the shroud weight as:
Wg = (A) (tg) (p,)

Both hydrogen and oxygen insulation weights are based on surface area and
are calculated as:

Wy (A (e ey (L)

The insulation thicknesses are based on an eight day mission and are 0.68 and 0.97

inches for the hydrogen and oxygen tanks, respectively. Insulation density is

5.0 lbfft3. Insulation support weight is taken as 10 percent of insulation weight.
Likewise, the fiberglass protective shell Weights are based on surface area

as:

WrG = (Ap) (tp0) (B (1.45)

The fibérélass design thickness and density are 0.02 inches and 0.067 1b/in3. Sup~-
port weight‘is 45% of fiberglass weight based on design point calculations.

The propellant acquisition device is made up of three amnular trays (screens)
connected to a collector channel (see Figure 2-3). The annular tray portion of the
component weight is related to the tank surface area and results in a unit weight
of 0.25 1lbs/per square foot of tank surface area. This compares well to typical
values for double layer positive expulsion screens. The collector channel and inert

weight 1s about 17 pounds for both tanks. The acquisition device weight 1s then:

WAD =17 + 0.25 AT

The above component weights are summed to give the propellant storage assembly
welght excluding the pressurization subassembly. The sensitivity of tankage weiéht
to usable propellant weight and tank design pressure is given in Figure 3-11 for
both hydrogen and oxygen. Pressurization subassembly weight models are discussed
in the following section.

3.2.10- Pressurization Subassembly - The hydrogen tank pressurization model

consists of the helium required for prepressurization and three (3) motor driven
boost pumps. The quantity of helium required is based on the tank ullage volume

and the helium density evaluated at the tank temperature and helium pressure.

Helium pressure is computed from tank ullage pressure minus the hydrogen vapor pres-
sure. The propellant vapor pressures have been curve fit as a function of tempera-

ture using an Arrhenius type relationship:
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In py, = A+ (A1) (Ty,) + (A2)/Th,

and

)]

1n PO, B + (B1) (Toz) + (BZ)/TO2

where the coefficients are:

A = 5.61162 B = 16,6430
Al = 4,16704E-2 Bl = -1.57154E-2
A2 = -163.182 B2 = -1855.15

The weight of the hydrogen pressurization subassembly is then:

(pgly, = () (p) + (p)y, (Ullage) (py)

Pump weight is assumed constant over the APS flow rates of interest and was obtained
from Qesign data furnished by Pesco Products. Pump unit weight is 24.2 lbs.

The oxygen tank pressurization model consists of the helium required for the
total APS mission and a titanium pressure vessel. Helium is stored at 3000
lbf/inza initially in a separate tank submerged within the oxygeﬁ tank. Final
helium storage pressure, at the completion of the APS mission, is 100 1bf/inza.
Regulators maintain oxygen tank preésure at 35 lbf/inza. Helium tank requirements
are computed from conservation of mass as:

Pre) 1 Ve T P’ (mlHe ¥ Prelr (VT)OZ

rearranging gives

p
He)p (Vp)g
VT)He P, 2
He)i - pHe)f
where
pHe)i is evaluated at 3000 1bf/inza and T,
2
pHe)f is evaluated at 100 lbf/inza and TO2
and

P = -
He)T is evaluated at PHe (PT POZ) and TOZ

A survey of existing pressurant tanks was conducted to determine tank weight as a
function of tank parameters (Figure 3-12). As shown, tank weight is correlated to

burst pressure and volume. This correlation is:
LN(WT) =‘-12.939 + 0.9821 LN [PB(VT)He]
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Burst pressure for this application is 2.22 times the design pressure

(3000 1bs/in2a); The oxygen pressurization subassembly weight is then:

WPS)O2 = EXP [- 12,939 +0.9821 LN (PB(VT)HE)] + V) P )

T'He He' i

3.2.11 Properties - Many of the above component models require evaluation of
thermodynamic and transport properties of the gases. One of two different real
gas equations of state are used depending on the temperature of the gas. The
Strobridge modified Benedict-Webb-Rubin (BWR) equation of state is used for the
temperatures below 540°R; the Beattie Bridgeman (BB) equation of state is used above
540°R.

The equation of state for para-hydrogen in thé range 36 to 540°R and pressures
up to 5,000 psia was developed under a research project by the National Bureau of
Standards. This fesearch experimentally determined the 17 constants needed for
the equation. Use of this equation allows the computation of fluild density as a
function of temperature and pressure, The region treated is the subcritical vapdr
region and the compressed liquid region up to 540°R.

The modified Benedict-Webb-Rubin equation of state used for teméeratures up to
and including 540°R is:

, . . 5
a a a a a a ~a. P I
d 2 . 4 5 6 3 10 11 12 17

P=a1PT+P (a1a2T+a3__+ + 2+ 4)+P [a7alT+aBQ(.2 + 3 + 4)«a ]

T T T

2
a a a -a,_P
+a9TP4 +P5( 13 , L4, 15)e 17 +a PG

where P = gas pressure, atm
T
p

The coefficients Al to Al? are gpecified in two groups for regions designated as

It

gas temperature, °K

1t

density, g mole/liter

either vapor or liquid. Combinations of temberature and density identify the two

regions. The coefficients for parahydrogen are:
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Below 153°R and 150 atm the following equation of state is used for the liquid
OXygen. '

. 2 ‘
‘P= a, + aZT + a3T‘ + (ah + aST)P

where the coefficients are:
a; = 0.48926 x 102  ag = 0.91185 x 1074
ap = -0.15300 .
a3 = 0.66752 x 1074
" a4 = -0.17219 x 1072
The evaluation of pressure is a direct substitution of the values of density and
temperature in the BWR state equétion.
Temperature and density equatioﬁs involve a method of successive approximations
in which a sequence of trial values 1s generated by a Newton type iteration:
P(T_,P) - P
. ' ST (T _»P _

T : . R(T,R) - P

Indicated partial'degivatives are formal evaluations of derivativés of the state
equation. .

' The wvalues of iterants are governed by algorithms that recognize the behavior
of the particular function and its derivatives in the region of interest. This
technique prevents values from exceeding the range indicated by the region finding
process and guarantees convergence.

For gas temperatures above 540°R, the Beattie Bridgeman equation of state is
used to evaluate the thermodynamic properties of interest. The Beattie.Bridgemen

equation of state can be written as follows:
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v v
where: P = gas pressure, atm
T = gas temperature, K
v = gas specific volume, litexr/g mole
R = gas constant = ,08205 atm liter/g mole °K
A=A, (1-a/v) literz/g mole2
B =B, (1 -b/v) liter/g mole
€ = c/vT3 ’
and, constants (Ag, Bg, C,a and b) are tabulated below for the gases
of interest.
Constants of the Beattie-Bridgemen Equation of State
Gas A a B ' b’ 10-4c
) o
Helium 0.0216 0.05984 0.01400 0.0 0.0040
Hydrogen 0.1975 ~0.00506 0.02096 -0.04359 0.0504
Oxygen 1.4911 0.02562 0.04624 0.004208 4.80

The Beattie Bridgeman equation is implicit in pressure; thus, an iterative technique

is required to determine the gas specific volume for any given pressure and tempera-

ture.

The iterative technique operates to continuously solve for gas pressure,

using refined estimates of gas specific volume, until the calculated pressure con-

verges to within a specified tolerance of the given pressure. The program then

converts the resultant specific volume to density.

To provide an initial estimate

of specific volume, an approximate solution of the equation of state is used which

is impliecit in specific volume. This approximate form is:

v = (w+B) (1-€) - A/RT
where 7= RT/P and the other parameters are as

defined previously.
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The gspecific heats (Cp and Cv) of real gases are determined by accounting for
their variation with temperature and pressure. A fourth order curve fit is used
to define the ideal gas specific heat as a function of temperature. The pressure

effect on the specific heat is then evaluated. The relationship for the real gas

C -is:
v
~ 2
e or
Colr,w = Cwr 71T ( dv

v
sz

The parameter‘C%T is the ideal gas specific heat. This function 1is evaluated by
using the ideal gas C;T data in conjunction with the ideal gas relationship

C;T - C;Tf_R' The C%T is obtained from a polynominal fit of available data from
100 to 2000°K. v

2
P
The second term of the equation, %/. (é_i dv, is the effect of pressure on
' aT
S 00
‘the specific heat. This term is evaluated by performing the appropriate cperations

,(?ar;ial derivative,'etc.) and evaluating the integral from a low pressure
.('I.’-—'O, Vem—p-o0) , to the specific volume (v) corresponding to the input pressure and

‘temperature. These operations yield the followinglrelationship for the second

©pv
2 .
T (-a-—g)dv=%‘- 1+g—°+§-ﬂl’2-
- oT ' T v v 3v

where K is a unit conversion factor.

term:

The Cp of a real gas is defined by the following relationship:

0 JP\2
.Cp = CVT T (EE)

v
oF
. ‘ av by
C; is defined above and the second term was evaluated by performing the appropriate
:Vipﬁerations on the Beattie-Bridgeman equatiom.
The‘enthaipy of a real gas is determined by accounting for. the variation of
enthalpy with both temperature and pressure. This is accomplished using the follow-

ing property relationships.

3~30

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EABT -



QL | LOW PRESSURE APS DESIGN AND SIZING | MDC E0398

COMPUTER PROGRAM 1 JVUO':_EU;‘E
h = u.+ pv
= fdu + pv

where h = enthalpy
P = pressure

v = speéific volume for a real gas
- _ T o v, [P
amd  fau = [Teo ar+ j;o[r(aT)v P] dv

o v
therefore, h o= pv + fT ¢ dT + f [ T oP ~P] dv
‘ (o} VT ) B-'f

where h is the sensible enthalpy of a real gas evaluated from a referenced state of
0°K.

Since the C;T function was curve fitted from data limited to a minimum bf
100°K, the integral of C%T from O°K may, for some gases, introduce an error;

therefore, the equation is written as:
T

h=pvt oo VT dr + uy oo+ f T (aT) -Pldv

T o T & .
where u = .cv dT '~ Cv dT Thus, u is the internal energy of a perfect
100 J, T 100T . 100

gas at T = 100°K, since the C; funetion is based upon ideal gas data.
T

3.3 Special Options - In the APS definition study component models were de-

veloped to perform subsystem weight and trade-off studies, and to finally identify
preferred-approaches in baseline design points. These selected subsyéteﬁs are
described in Sections 2.1 and 2.2.

Options have been included in the program to bypass specific assemblies such
as propellant tankage and pressurization, heat exchanger, and liquid/vapor mixer
fof specific APS configurations not requiring these components. Propellant tankage
and heat exchanger assemblies may be bypassed for fuel (or oxidizer) alonme. Various
distribution assembly configurations may be investigated with the program includ-
ing variation in line length, number of engines per line, number of lines, and

number of isolation valves, all of which are included as input data to the program.
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3.4 Variables - A brief description of each variable used in the above models
is listed below unless the variables are defined in the discussion.

VARTABLE | | DESCRIPTION

A Area

'Cl, 02’ 03 Least squares curve fit coefficients

c* Specific impulse curve fit coefficient (thrust
and mixture ratio effects)

Ce Specific impulse curve fit coefficient (expansion
ratio effect) :

Cp . Specific impulse curve fit coefficient (thrust
effect)

CMR Specific impulse curve fit coefficient (mixture
ratio effect)

Oy . .

9 Specific impulse curve fit coefficient (H2 inlet

temperature effect)

Crp Specific impulse curve fit coefficient (O2 inlet

) _ temperature effect)

D g Diameter

f : Fanning friction factor

F Engine thrust

FFC Fuel film coolant required per engine

G Specific impulse curve fit coefficient (mixture
ratio effect) .

h Enthalpy

Isp Specific impulse

ITOf _ . Total APS impulse required

K - Numerical constant in Fanning equation

L ‘ Length

Ll Liquid line length, APS tanks to heat exchanger

" .

Molecular weight

3-32

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST



[ca

VARTABLE

MR

v
W

W€ )

W(E/P,

W

AL

LOW PRESSURE APS DESIGN AND SIZING . MDC E0398

)

GREEK LETTERS

1 JUNE 1971

COMPUTER PROGRAM VOLUME |

DESCRIPTICN
Engine mixture ratio
Number of passes in cooling shruud, APS tanks
Number of éanels per heat exchanger
Nurber of tﬁbes per panel, heat exchanger
Pressure
Radius
Ultimate strength of material
Safety factor
Iube spacing, heat exchanger
Thickness
Temperature.
Fluid velocity
Volume
Weight

Engine weight curve fit coefficient {expansion
ratio effect)

Engine weight curve fit coefficient (thrust/
pressure ratio effect) :

Flow rates

A Delta or change

€ Nozzle expansion ratio

p Density
SUBSCRIPTS

Acquisition device

Aluminum

Burst
3-33
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. SUBSCRIPTS (Cont. )

Boil-off

Chamber

Chamber nominal

Cross-Section

Cooling Tubes {cooling shroud), APS tanks
Design point |

Engine conditions

Final conditions

Foam, polyurethone substrate, H, APS tank

Fiberglass protective covering, APS tanks

Hydrogen propellant

Helium

Initial conditions
Insulation, APS tanks

Line, liquid |

Manifold

Nominal conditions
propellant, panel, pump
Pressurization subassembly
Regulator

Shroud (cooling), APS tanks
Tanks, APS propellant
Throttle valves, liquid/vapor mixer

Vaporization, vent rate
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4. SOLUTION AND PARAMETRIC EFFECTS

4.1 General! - A sample case is included for an orbiter auxiliary propulsion
subsystem. The sample includes determining the subsystem/componeﬁt welghts of
the selected baseline and evaluating its sensitivity to design and performance
requirements. Booster APS imput is also discussed to indicate program optionsr
available to bypass spécific components. A detailed discussion of program input
and outpﬁt requiremenﬁs may be obtained from Volume II as well as a definition of
program variables. In general, input consists of three namelists titled LINE,
VALVE, and LOWPC and one printout indicator. A discussion follows on the input
data requifed, where obtained and range; and also sample case butput.

4.2 Input Data (Orbiter) - The orbiter APS will for most mission duty cycles

require all sdbsystem components including propellant storage and pressurization,
heat exchangers and liquid/vapor mixers. Orbiter sample data is tabulated below
for each namelist.

LINE - A typical propellant distribution network to be modeled is shown in
Figure 2-9. Due to the network complexity, an exact model can not be described.
Simplification of the.network, forward of tﬁe main engine tank, 1s shown in
Figure 4-1. The simpl&fied network physical characteristics are inputéd using
the LFN(I,J) array as follows: '

- LFN(I,1) : LFN(I,2) LFN(I,3)
Length, Fr No. of Engines Firing No. of Lines
124.0 10 0

12.5 : ) 2

12.5 6 1
1.5 3 2 AFT
7.5 1 6

IMAX(1) = 158.0

35 8 0.5
4 3 3
8 3 6 FORWARD
8 1 15
0 1 0

- IMAX(2) = 55

Tt should be noted LFN(I,2) is the number of engines firing based on mission re-

quirements and not the total number of engines on the line segment. In addition
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LINE LENGTH NO. OF ENGINES NO. OF
SEGMENT (FT) FIRING LINES
1 35 8 .5
2 4 3 3
(WORST CONDITION)
3 8 3
(WORST CONDITION)
4 8 ] 15
5 0 1 0

PROPELLANT DISTRIBUTION NETWORK MODEL
FORWARD OF MAIN ENGINE TANKS

« 2-—*-*—-——3—-'-—44|

O
s

A

PITCH/ROLL

y PITCH/ROLL

} YAW
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for this specific case, no weight penalty is paid for the main distribution line
since the existing main engine tank pressurization line is used; therefore LEN(],B)
is set equal to zero, The remaining data required for this NAMELIST is IMAX (1) and
LMAX(2), the total length of the aft and forward lines. As noted in Volume II,

Ehe network (either aft or forward) with the largest value of LMAX must be placed
in the first five lines of the LFN array.

VALVE ~ The VALVE namelist requires knowledge of the distribution network
-isolation valve 1ocations'(Figure 2-9) and the APS reliability requirements.
'NAMELIST data is input via a 10x2 array FN(I,J) which requires the number of
‘fsolation valves and number of engines firing per valve. Inspection of Figure 2-9

~.gives the input data required as:

FN(I,1)
No. of Engines FN(I,2)
Firing ° No. of Valves Remarks
10 : 2 Pressurization line by-pass valves,
two required for redundancy
9. 0
8 0
7 . 0
6 0
5 -0
4 2 Pitch/roll engine rings, 1 aft and
_ 1 forward
3 . 3 2 for +X engines and 1 for -X
K ‘ : engines )
2 6 2 for yaw engines (1 aft, 1 forward)
4 for pitch roll engines (2 aft, 2
. . forward)
1 13 6 for +X engines

3 for -X engines
4 yaw engines (2 aft, 2 forward)
It should be noted, the engine valves are included in the engine weight model.
LOWPC — The LOWPC namelist requires knowledge of the space shuttle configura-
tion and mission requirements, and additional information obtained from the low
pressure APS operational program Reference (d}. This program simulates the mission
duty cycle. The NAMELIST variables are listed on the following pages -giving the

design poiht values, sensitivity values and information source.
4-3
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Value

Variable Units Sample Case Sensitivity
F 1bf 1000 500-3000
XNET _— 33 .

XNEF — 10 -

.6 6

TOT1 1bf-sec 10 1.5 to 13x10
TGASH2 R 150 100-600
TGASH2 °R 200 200-600
XMR _— 3.0 2-6

EPS - 8 2-15
TTMAX °R 200 200-600
PTH 1bf/in‘a 20 15-40
PAPSH 1bf/1na 40 35-60

PTO 1bf/1na 20 15-40
PAPSO 1bf/in%a 35 30-55"
DELPM 1bf/in’a 14 --

bty

MDC £0398
1 JUNE 1971
VOLUME |

Remarks

-Vehicle design

requirements

Vehicle design
requirements

Vehicle design
requirements

Mission require-
ments and APS/OMS

velocity gplit

Exit conditions of
mixer design

Exit conditions of
mixer design

Engine design mixer
ratio

Model definition

Corresponds to
mixer temperature,
major APS burn

Minimum value used
that occurs during
mission-obtained
from operational
program

Maintain 20 1bf/in2a

pressure drop from
APS tanks to main
engine tanks-obtained
from operational pro-
gram

Same as for PTH

Same as for PAPSH
except 15 1bf/inZa
pressure drop

May be varied to
ensure obtaining an
optimum chamber
pressure, can not
exceed tank pressure
minus PAINJ
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Value
Variable " Units Sample Case Sensitivity Remarks
PAINJ ' 1bf/in2a _ 2 - Engine design point
NPRTEC ' - 1 Dor1l Controls printout of
chamber pressure op-~
timization
PLOAD . lbf/inza 17 - APS tank loading
pressure
TUBDH cin . 298 — 'All heat exchanger
' characteristilcs
TUBDO in «394 o obtained from op-
TUBSPH in 10 -= erational program
TUBSPO in 4 __ since requirements
are dependent on
TUBLGH it '15.0 - mission duty cycle
TUBLGO ft 17.5 —_—
XNTUBH - 62 -
XNTURO —— 154 -
ANOPH - 4 -
XNOPO . - 2 -
WPRCNH - .50 0 tol Operational program
WPRCNO e .73 0 tol Operational program
TIPRCN - 1 Qorl Allows for bypass of
' heat exchanger
RITO - 1 ' - Allows for bypass of
impulse dependent
components 1f zero
WRH2 1bm 0 - Operational program
WRO2 - 1bm 2200 - Operational progfam
TEND - - - Controls case data

Key punch instructions for the above data are shown on FORTRAN coding forms
 (Figure 4-2) followed by sensitivity data for thrust, impulse, mixture ratio,
expansion ratio, and tank pressures. A listing of this data is giving in Figure 1-4
of Volume II. It should be noted, a printout indicator is'required following the
three input namelists.. If indicator is zero (blank card), full printout of sub-
system and component welghts are obtained; while if the indicator is set equal to

one (Column 3 of card), suppressed printout of subsystem weight 1s obtained.

| 4=5
MCDO~NELL DOUGLAS ASTYRONAUTICS COMPANY =« EASYT



ASVE » ANVIWOD SILNVNONLEY SVTINOT TIINNOTOIW

- T-% WN914

MCOONNELL DOUGLAE AUTOMAYION COMPANY

FORTRAN Coding Form

AY490ud 431NdROD

DNIZ1S GNV N91S30 Sd¥ 3¥NSSIHd MO

. PROGRAM , " Hud xa) PLUNCHING GRAPHIC PaGE J D° B
PROGHAMME R #é’ .@MJ ” BATE /\fg-d{ 9 WS TRUCTICONS FUNCH
é 121wt :5 FORTRAN $1ATEMENT M ribthee
: '?I]!l]l'.l 3 ’iilsiwln HH 35 ] 7] B 1:!):114_55'_.-15'32115 s lsz[a]a]esfs s as]as[sefs1]s2]a u‘bs s[s7] 4 ulsohlls:k]!us ssgviaa[se[zu]h]rr: u[l?a‘llrs lt‘n]u:m_!ﬂ
SR AR i AEREN flfiif""ﬂpfﬁ Nl N A e e
0 Cly 0{,.,,},;7 f"!: I o B RS A
VALV fes0, 9, ', 1o, o, AL 2 RN/, BEEER RENEREA SRR
1L Pl ‘pled, 0} o;a_of_IzJ,G! Szl rld, 22 ;M_Z,_—'QZWO.X 27,1609 =8,
| 77 mAaxt: WZ4e = 7,0k ey 4R ,.gﬁgﬁ%#ﬁﬂfﬁc*l_tﬁfﬁﬂ' EPAsif
48\ 2918, 7u g <y, [rualg e, vt X2 gl 7;4;?,..11#1;4;@&:;-‘_;6 Zl s
L WA 7uBlg= /534, XN Rewd =|. 173, TR PR e ) Rl @= 0 WRAZ =0 1 1 L
RS 2 20 L g R BNERE
0.1 |1 | Il NN |
Kicnd ,
20 :
00, vpepy ool [Plep D, e 23l 122, 2121, hoslad=viol LAg, o 10, WPR 706 2 0 fed
€ad [ 111 ) ISR RSN RRNRRREEN N0 IT5
£ad I [
AYYIRER”; welrhl 43 14,10, 1d, Wwgle/o) g lo, 2, Wl led, 1Al el A, =c| 157 ldd] | e
|
v
 J 4D, . . ! a
#Arz e 2pploled, ol 10, I g T2l A2l |7, is ewdl |
View)
A
237, AL 0, =iz} k1 le
is]s1re]1s ils‘_lnrﬁlnfn?l 2|z el o lzel el faz | ol asfsel ar an v e Jac 03] cof asfus] wlanaafscf s | sa] saf saf su ek 7] 8] so] sa s safsalee ecj e erisa] esiro] ruraf rafvafasfre) 237 00) 39

{ JWNT0A
1461 3NAC T
26£03 20U



L=y

ABVE " ANVEIWOD SIILAVNONLSY SVYTI2INTOT T TINNOTIN

<=% HANOIA

A

MCOONNELL DOUGLAS AUTOMATION COMPANY .
FOPTRAN Coding Form

NY4904d 43 .LNdNOI
ONIZ!IS GNY N91S30 SdV 3HNSSIdd MO

eRITOL Low [ResSuReE HE Leszea) Sl SrpruE PUNCE NG sRAPHIZ el ot 2
BROZPAMUER _45‘ /ét?da.(s {DATE/,J';..IE 9] INSTRUC TIONS P
1 FORTRAN STATEMENT
3 E D R fm 3 0 nm ; . 7 3 Py P T e ealeel sl 0
1] 31.’“ ’s 3 Tn!gh lmz}ui FY ) CY TR £ Y £ 2Il::' I .s!n :n‘lvﬂm :3;& 51'56?”‘"?‘9%% szlsz]sz}[:;j;:ps s _55]15‘3‘55 &‘_s:lpzlls.!s%(_;sésslssil J:lll! ;
Lilb) i R RS EENEEEEENE RRENN B R .
‘ ! : -l b [ : L :
o~ . s e PRI S ; P, e T —_—
‘ i P A B S A B T ST B
{ | i . H i ! IR ! i | - ' - '
! i HRI I ; PR i
R 210 [Paesidl -] Lt 1 dentd RENE B
L | = P! '
f ; : o B N
i P l i I R Pt
. vy ' i ' — 1 H
2 N v/ B ERETE IREE o
i : i P o R i
b 1 | : | R N
[ Pl BN REEEE
! ; T
o N ! I ‘t N | i R
7Y B i f T 1 T I
AU \PAPS iz 130 fig) 1 RN N RS
. t i H ¢ ! b Lo f LI R
) I O i ! [ I : :
R 0 L N - - [
. . i } i B ; )
H t . ——
Pl i EENRRE g
1 ——
el |PAA N s %GR yaal B
| 1 RENER
! e AERE
1 | ] | ] L LI B l .
i - z SN S P P
i : R IR R N DR
T e il o e T Lt ——
! i NN B | i
I REEEE
| l BRANE
tfeafagsds fr a9 ing:t (3 (ES TR TES A3 (R0 T 0 50 SRR 60 ) Bkl bbb EHENIEE e RN INNROE GERERE DR R BEEELS (U U St ERil g ralrstihy 2] 19 R

ACF 776 17 1aN 70V

1 JWNT0A
16T ANNM T
86£03 JON



COMPUTER PROGRAM 1 JUNE 1971

\@i" LOW PRESSURE APS DESIGN AND SiZING MOC E0338
VOLUME 1

4.3 TInput Data (Booster) - In general, the booster APS will not require ad-

‘ditional propellant capability since sufficient residuals remain in the main
engine tanks following boost. Hence, APS propellant storage assemblies, pressuri-
zation subassemblies, heat exchangers, and liquid/vapor mixers are not required.
Total impulse required from an APS propellant storage assembly 1s zero. The input
variable TOTI is set equal to one (1.0) to avoid a fatal error in the PRESYS Sub-
routine (logarithm of zero), but gtill results in computing zero weights for
propgllant, ﬁankage, and pressurization assemblies. Heat exchanger and liquid/
vapor mixer assemblies are bypassed by setting TIPRCN = 0 and RITO = 0 respectively.
Thus, no heat exchanger design characteristics are required and these variables -
may be set equal to zero. Remaining data in the LOWPC namelist, as well as for
the LINE and VALVE namelists, would be obtained following the same procedure

given for the orbiter case. A listing of booster input data is included in
Figure 1-4 of Volume II.

4.4 OQutput Data - Orbiter APS sample case results are tabulated in Figure 4-3
and 4-4., TFigure 4-3 gives assembly/component weights, total subsystem weight, and
optimum design parameters for the selected sample case while Figure 4-4 shows the
iinear sensitivities of this selected design to various mission and design re-

quirements. Program printéut for this case is listed in Volume II, Figure 1-8,
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SUBSYSTEM DESIGN PARAMETERS
OPTIMUM CHAMBER PRESSURE, 1bf/in%a 14
OPTIMUM MIXTURE RATIO! 3
OPTIMUM EXPANSION RATIO! 8
MAXIMUM LINE SIZE, INCHEs'o2 8.2
H, 8.7
ENGINE SPECIFIC IMPULSE, SEC 373
SUBSYSTEM WEIGHT
COMPONENT (NO) WEIGHT,LB
: 0, Hy
PROPELLANT 3927 2147
PROPELLANT STORAGE ASSEMBLY 187 596
PRESSURIZATION SUBASSEMBLY 12 84
PROPELLANT CONDITIONING ASSEMBLY 461 135
LIQUID/VAPOR MIXING ASSEMBLY 122 134
DISTRIBUTION ASSEMBLY
~ LINES AND COMPENSATORS 295 316
ISOLATION VALVES (24), BYPASS 207 223
 VALVES (2)
ENGINE ASSEMBLIES
ENGINES (33) 2352
PNEUMATIC SUBASSEMBLY 181
TOTAL (11579)
1 Evaluated from sensitivities FIGURE 4-4._
| ORBITER APS DESIGN AND WEIGHT
SAMPLE CASE
FIGURE 4-3
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VARTABLE | SUBSYSTEM
PARAMETER.  NAME UNITS RANGE  WEIGHTS-LBS
THRUST F LBF 500 110318
o 1000 11579 1
2000 - 13357
3000 15238
IMPULSE ITOT LBF-SEC 2x108 8618
' o 3x106 11579 1
4x106 14519
5x106 17457
MIXTURE XMR -~ 1 12565
RATIO 2 11613
3 11579 1,2
4 12029
5 12662
EXPANSION EPS _- 2 12614
RATIO : 4 11816
: 6 11607
8 11579 1,2
10 11592
MAIN ENGINE  PTH LBF/IN%A 15 12238
TANK PRESSURE . 20 11579 1
(HYDROGEN) 30 11467
MAIN ENGINE PTO LBF/IN%A 15 12237
TANK PRESSURE ' 20 11579 1
(OXYGEN) 30 11433
1 Design Point
2 Optimum
ORBITER APS WEIGHT SENSITIVITIES
SAMPLE CASE
" FIGURE 4-4
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1 JUNE 197

' | LOW PRESSURE APS DESIGN AND SIZING MDC 0358
g— COMPUTER PROGRAM JURE 1971

ABSTRACT

This report documents a design and sizing computer program used in support of
the Space Shuttle Low Pressure Auxiliary Propulsion Subsystem (APS) Definition Study
(Contract No. NAS 9-11012). The study was performed for the National Aeronautics
and Sbace Administration, Manned Spacecraft Center (MSC), Houston; Texas.

This is Volume II (Program Manual) of a two-volume report which deocuments the
design and sizing computer program. Volume I contains a complete technical descrip-
tion of the APS including a description of subsystem operatioen; subsystem/assembly
design descriptions; delineation of the engineering analysis equationms, including
substantiation of data; and sample cases showing program input/cutput. Volume II
(Program Manual) contains a program description and defines internal program nomen-
clature including a description of variable names, detailed flow charts, and a
program listing. The computer program evaluates APS weight for prescribed design
parameters and sizes the APS and its components. Component and assembly models are
included for liquid propellant storage; pressurization subassembly; propellant con-
ditioner; liquid/vapor mixer; propellant distribution network, including valves;
and engine assemblies. In addition, engine performance and propellant property
models are included. An iteration scheme is included for optimizing APS feed com-
ponent weights as a function of engine chamber pressure. Total subsystem weight
as well as component weights are included in the program cutput. APS design points
and sensitivities to design parameters and mission requirements can be obtained from

the program.

il
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y - LOW PRESSURE APS DESIGN AND SIZING I
O COMPUTER PROGRAM VOLUNE I
1. PROGRAMMING

1.1 Program Description - This computer program was written to facilitate

design and sizing of a low chamber pressure APS. It can also be used to evaluate
design point sensitivities to design parameters and mission requirements.

The APS physical model simulated by the program is defined in Volume I of this
report. Basically, the APS design uses the space shuttle main engine tanks as low
pressure gas accumulators. These tanks supply gaseous OXygen and hydrogen to the
APS engines. For the orbiter, propellants from separate liquid storate tanks are
used for main engine tank resupply. These propellants are first circulated through
tubular, passive heat exchangers where they are vaporized and sﬁperheated prior to.
injection into the main engine tank. During major APS burns, warm propellant vapors
from the main engine tanks are mixed with liquid propellants (from the APS tanks)
in a downstream liquid/vapor mixer. The propellants are then supplied to the
enginés at constant temperature and pressure via a propellant distribution network.
The booster APS requires no additional propellant storage since sufficient propel-
lant residuals are trapped in the main engine tank, and it operates in.a simple ‘
blowdown mode.

A block diagram of the computer program is shown in Figure 1-1. The program
consists of a main deck and subroutines‘whiéh model the various components. The
main program provides executive control, controls input/output and an iteration scheme
which optimizes feed component/engine weights as a function of engine chamber pres-
sure. Component models have been included for engine and pneumatic assemblies,
distribution lines and valves, liquid/vapor mixer, passive heat exchanger, liquid
propellant tanks and pressurization assemblies. Subroutines are also included”
which model engine performance, perform curve fits and calculate gas properties.

Input to the program consists of three namelists and one indicator. The
three namelists defime (1) distribution network physical characteristics (2) valving,
and (3) APS design and performance data. The indicator controls program output,
i.e., either full printout of total subsystem and component weights or suppressed

- printout of subsystem weight only. '

" Program synthesis is accomplished by the-combination of an array of components
which are dependent on the rate of flow alone (feed system) and an array of com-
ponents which depend on total impulse requirements. The feed and impulse dependent
component weights are then combined for program printout. A simplified program flow
chart is shown in Figure 1-2.

i-1
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i MAIN PROGRAM

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

SUBROUTINE ENGISP

0 Reads Input Data
1o Initializes Variables
|o Calculates optimum chamber

Calculates engine per-
formance (ISP)

— —————— —— — — ————

SUBROUTINE ENGINE

| pressure (Pc

fU\_JL.J"

Calculates engine/
pneumatic weights

SUBRQUTINE XLINE

[Calculates Tine and
compensator weights

SUBROUTINE VALVES

0 Selects optimum Pg and re-
calculates feed component

Calculates valve
weights

SUBROUTINE INTERP

weights

Curve fit of feed
| weight versus Pc

SUBROUTINE MIXER

Calculates mixer weight

SUBROUTINE PASHEX

Calculates heat ex-

| changer weiahts

i m— — ——— i —— — A

SUBROUTINE PROPEL .

e

0 Adjusts propellant weights
for residuals

Caiculates total APS
propellant weights

SUBROUTINE TANK

:

o Totals weights

CalcuTates tank weights

{includes boil-off, in-
sul,.ete)

SUBROUTINE PRESYS

o Continues evaluation for
additional cases
jo Prints output data

Lo e

I
|
I
X
I
|
|
|
|
I
I
|
I
I
| |
o Totals feed we1ghts : 1
I
|
I
|
I
I
|
|
|
|
|
|
|
|
|
|
|
|

Calculates pressuriza-
tiop subassembly weight

SUBROUTINES PROFH2,
PROFP?, PRPHOH
Calculates propellant

properties

PROGRAM COMPUTATION DIAGRAM

1-2
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COMPONENTS

_1
|
I
|
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I
I
I
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‘| Read in namelists of

START

input variables
1

Print title headings

New Tank Pressure

1

New Mixture Ratio

|

New Expansion Ratio

N |

New Thrust Leve]

New Maximum Tank Temperature

I

New Chamber Pressure

|
Calculate engine specific

A impulse (used for flow rate

calculations)

Engines, Lines, and Valves

Calculate weights for '

Interpolate for optimum
chamber pressure

]

Recalculate engine, line,
and valve weights for opti-
mum chamber pressure

Calculate weight for Mixer

e

=
I

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM |

MDC E0398
1 JUNE 1971
VOLUME Il <

STGRAGE COMPONENTY

New Tank Temperature =

New APS Tank Pressure

Calculate engine specific
impulse

|
I
i
l
l
I
|

1

A

Calculates weight of Heat
Exchanger

T

1

New Total Impuise

1

Calculate weights of Propel-
lant, APS Storage Tanks, and
Pressurization System

|
|
|
l
|
|
|
-

— e — — — —

New Thrust Level

|

New Maximum/Mean Tank
Temperature

New Total Impulse

]

Combine feed and storage
subsystems

e

Print system weight data

: FLON CHART
APS DESIGN AND SIZING COMPUTER PROGRAM

1-3

Print individual ccm-
ponent data

FIGURE 1-2
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COMPUTER PROGRAM | 1 JUNE 1571

_ L.OW PRESSURE APS DESIGN AND SIZING ' MDC E0338
\@ VOLUME i

The program is written in FORTRAN IV language and is operational on the Control
Data Corporation (CDC) 6600 computer. Run time for a design case and complete sen-
sitivity to design and performance requirements requires about 20 seconds of machine
time. ‘ |

All variables used in fhe program, their type (real or integer), routines in
which they are used, units of the variable and variable definition are tabulated in
Figure 1-3.

1-4
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ca

VARIABLE
RDD
CeEL®

nELOM

TH?
P2
nyo
neao
!"\“"\2
rI2
FOS
FPS
EDC
r

nnoansn

!C

Yl.',

17

11

L

™R

[Me
CTNR

TDAD

1PADS

10T

1TGAS

TTAY -

11071
11
12
13
14
J
J

LOW PRESSURE APS DESIGN AND SIZING MDC E0398-
COMPUTER PROGRAM 1 JUNE 1971

YY{PE  ROUTINE

WA T™
MATN

S MATY
MATN
VALVE
MIXER
MATN
VALVE
MIVER
MA TN
ENGI §P
FNRINE
MATN
FMT D
ENGINE
XL IME
MIXFR
PASHEX
MATN
VALVF
MATN
PASHE X
MA TN
XL INE
VALVE
MA TN
MBIN
MATN
DASHF X
MATN
®ASHE X
M2 TN
MA TN
PASHEX
MATN
MATN
MATN
MA TN
MATN
MATH
MA TN
MATN
MA TN
MATM
MATM
MATM
XLINE

_DDOUOBDD_DDD'DADDUUH.DU

|—lMH—OgH»—quHH-—‘ﬂM—ql—IHHM“HMMMMUD

MCDONNELL DOUGLA

UNITS

LBF fIMNxx?
IMCHFS

INCHE ¢

LRF

1-5

VOLUME Il

DESCRIPTION |

PROP, RY-PASS RATIO TO HEAT EXCHe
T MMY YARTARLF

MAXTMUM PRESSURE B8UDGET IN FEED LINE
MAXTMUM FEED LIME DIAMETER-H2 SIDE

MAXTMUM FEED LINE DIAMETER-02 SICE
NAZZLE EXPAMSTCN RATIO

THRUST LEVEL FER ENGINE

ARRAVY TN STARF VALUES OF NUMBER OF
FNGINES STIRING AND NUMRER OF VALVES
COMMON BLOCK NAME

INDEXING VARTABLE

CASE CHANGE INDICATOR

NUJMRER QF EPS DATA PCINTS

MUMRER OF THRUST (F) DATA PCINTS
NUMBER 0T MATN ENG TANK PRESSURES

INDF XING VARTABLE FCR HEX PRINTOUT

NUMRER NF MIXTURE RATIC DATA POINTS

INREX CONTROL ON PROGRAM PRINTOUT
NUMRER NF APS TANK PRESSURES-0Z SICE
MUMPER 0OF APS TANK PPESSURFS=-H2 SICE
MUMBER OF MAXTMUM MAIN ENG TANK PRES
nmMeER NF ENGINE INLET TEMPERATURES
MUMRER NF MAXTMUM GAS TEMP CATA PTS
NUMBER NF TNTAL 1MPYLSE CATA PCINTS
NUMBFR QF MAXTMUM GAS TEMP CATA PTS
NUMRER NF THRUST DATA PLINTS

NUMRER (OF XNEF DATA PCINTS

MUMBEQ OF TOTAL [MPULSE DATA PLINTS
TNDEXING VARTABLF

FIGURE 1-3
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- VARIABLE

3J
KN
JL
K.
e
1
LEN

LH

{ INE
L INE
LMAX

LAWer
M

MM

N

Nap
NRTD
NCS

NDRY P

MY
N1O
N2

N&

NE

NA

N7

LR

NG
PATNY
PAPCH
PADSN
oC

or

1)

PLOAD
poess
peESCS
oY
OTH
pPYN
pYT
e1TN
QITn

TYFE

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

MATN

MATN
MATN
MATM
MATN
MAIN

e I e e B |

XL IME

MATIN
MATN

MATM

XLIME

MA TN
MA TN
MATN
MATN
MAIN
MATN
MAIN
MAIN

r—t bt g bt e el ey

MATN
MATN
MATN
MATN
MATN
MATN
MATN
MATN
MATN
MA TN
MA TN
MATM
M TN

o IV o B o B = B = R « IR S S g

MAIN

MATN
MATN

MAIN
MAIN
MATN
MATIN
MATM

DD LD DD VDD DD

ROUTINE

PASHEY

XLINE -

ENRINE

XLINF

PASHEX
PASHEX

UNITS

LFE /TN D
LRF /IN®%2
LEF/IN%2
LRF /TN 2

LRF/JIN%EXD

LPE/IN*%2

LRE / [N##%?
LRF fIN**2

LBF/IN**32
LBRF/IN%%?

- CUMMY VARTABLE

MDC E0338
1 JUNE 1971
VOLUME Il

DESCRIFTION
NUJMREDR NF MATN FNR TANK PEESSURES

INNFXING VACTABRLE

TNREXING VARTABRLE

TNDE XTNG VARTARLE

INDEXING VARIARLE

APRAY TO STNRE VALUES CF LINE
LENCGTHS (NN OF ENGS,AND NO CF LIMES
HFAT =XCH STNPAGE ARRAY SUBSCRIPT
NAME NF NISTRIBUTION LINE NAMELIST

ARRAY TO STORE TOTAL LENGTE CF AFTY
AND ENRWAFD NDISTRIBUTICN LINES

NAME NF NESIGN DATA INPUT NAMELIST
INDEXING VARTARLE FOR LINE PRINTOUT
INDEXING VARIABLE FC® LINE PRINTCUT
IMOEXING VARIABLE

VARTARLE NOT USED

NUMRER OF BOOSYT TANK PRESSURES
INDEXTING VARTARLE FOR HEAT EXCH,.
CONTROLS PRINOUT OF CHAMBE® PRESSURE
TTFRATION SCHFME

INDEY PARAMETER THRUST

INDEX PARAMETER ON APS TANK PRESSURE
INNDEX PARAMETER ON TCTAL N CF ENGS
INDEX PARAMETER ON TOTAL IMPULSE
INPEX PARAMETER ON INLET GAS TEMPS
TNDEX PARAMFTER ON MIXTURE RATI(C
TNDEX PARAMETER ON EXPANSICN RATIO
INDEX PARAMETER ON MAIN TANK PRES
INDEY PARAMETER (ON MAXIMUM GAS TFMP
PRESSURE DROP ACROSS INJECTCOR/VALVE
APS PROP TANK DESIGN PRESSURE-HZ
APS PROP TAMK CESIGN PRESSURE-D2
ENGINE CHAMRER PRESSURE

ENGINE CHAMRER PRESSURE-ITERATIONM
SCHEME,USED IN INTERP SUBRGUTINE
APS PROPELLANT LOADING PRESSURE
IN COMMON

MAXTMUM NF H2 OR N2
MINIMUM MATN ENGINE
MINTMUM MAIN ENGINE
MIMIMUM OF H2 0OR 02
RATIO QOF INPUT FLOW

MATN TANK PRES
TANK PRESSURE~H2
TANK PRESSURE-02
MAIN TANK PRES
TC GUTPUT FLOW-

MAIN EMGINE TANK

1-6
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VARIABLE

TEMD
TENMD
TGASH?
TGASN2
TH?2
TIPRCM
TIPPCN
AT
TATT
Tf‘\2
TOAY
TOAH
TPAN
TPAD
TTMAX
TIYRNH
TUAPH
TURDO
TYRON
TURL GH
THag GH
THRLGO
TYRLGO
TIRSPH
TIURSPH
TURSDN
~ T1IAS PO
TWTHSC
TWTNSC
VALVE
VALVE
We
WFD

Wel

WGGSC
WHEXH
WHFEXH
WHEYN
WHEX
WH?Z
WHZ2
WH?2
Wl

Wi
wn?
wna
W2

TYPE

A
R
o]
=)
R
R
R
R
>
R
R
P
=4
o]
R
R
R
n
r
R
o)
P
R
o)
R
R
R
R
R
=)
R
-]
R

0

VDV DODDHNOTWOHOD

LOW PRESSURE APS DESIGN AND SIZING MDC E0398

ROUTINE

MATIN
XLINE
MATN
MATN
MATIN

MATM

PASHEX
MA IN
PROPEL
MATIM
MA TN
PASHEYX
MA TN
DASHEX
MATN
MATHM
DASHEX
MA TN
PASHEX
MA IN
PASHEX
MATN
PASHEX
MATM
PASHEY
MAIN
PASHEX
MA TN
MATH
MATN
VALVE
MATN
MATN

MATN

MATN
MATN
PASHEX
MATN
PASHEX
MATN
PROPFL
TANK
MATN
MATN
MATN
PROPFL
T ANK

1 JUNE 1971

COMPUTER PROGRAM | OLUNE I

UNITS

DEG B
NEG P
NEG R

DEG P
%2

£ TR D

PEG F
RS

IMS

£y

FT

INS

INS

LM
L BM

LBM
LAM

LAM

DESCRIPTION
DUMMY VARTARLF IN CCOMMON
FNGINE INLFT TFMPERATURE-HZ SIDE
ENGINT INLET TEMPERATURE-02 SIDE
H? SATURATION TEMPERATURE AT PLOAN
TATAL TMPULSE PERCENT CCNDITICNED
TOTAL TMPULSE REQUIRED FRCM APS

n2 SATURATINN TEMPERATURE AT PLOAD
TOTAL PANEL AREA H2 HEAT EXCHANGER

TNTAL PANEL AREA 02 HEAT EXCHANGER

TEMPERATURE TANK(MAIN ENG) MAXIMUM
TURE DIAMFTER H2 HEAT EXCHANGER

TUSE NIAMETER 02 HEAT EXCHANGER
YURE LENGTH PER PANEL H2 HEAT EXCH
TURE LENGTH PE® PANEL C2 HEAT EXCH
TUBE SPACING H2 HEAT EXCHANGER
TURE SPACING N2 HEAT EXCHANGER
VARTABLE NCT USED

VARTIABLE NCT USED

NAME OF VALVE DATA NAMELIST

THRUST DEPENDENT CCMPONENT WEIGHTS
WEIGHT OF ENGINES.LINES AND VALVES
FOR CHAMBE® PRESSURE OPTIMIZATIGN
WEIGHT OF ENGS.LINES AND VALVES USED
IN INTERP SUBROUTINE

VAPTABLE NCT USED

WEIGHT OF H2 HEAT EXCHANGER

WEIGHT OF 02 HEAT EXCHANGER

H2 PROPELLANT WEIGHT

IMPULSE DEPENDENT COMPCONENT WEIGHTS
STORAGE ARRAY FOR DESIGN DATA
02 PROPELLANT WEIGHT

am gy . oy R Y
YO e hori
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[ca

VARIABLE
WORCNH

WPRONN

CWRH?
WRnN2
WS
WscC
wT(C
WTSH
Wil
WWT
WWW
XI1SP
XIsP
XI15P
Xise
YIspo
Xise
Y1
XL
YMpP
X MR
¥MR
XMR
XMn
XMR
YNFE

YNFF
XNEF
XNET
XNET
XMET
YNOPRH
YNOOH
¥NOTO
YNron
XNTIBH
XNTURH
YNTURN
XNTURA
X1

X2

x‘l

[~

e B ol

TYPE
R

e

DDIJD]JTU;UD?JH‘UIJIJI)‘H'JJI?DDJJUﬁ:nx’

0T ODVMDV O OUDT OTODOH LVHOHDOD LD ON

LOW PRESSURE APS DESIGN AND SIZING - MDC 039
COMPUTER PROGRAM 1 JUNE 1971

ROUTINE

MA IN
PASHEX
MATN
PASHEX
MA TN
MATN
MA TN
MATN
MATIN
MATIN
MAIN
MATN
MATN
MAIN
ENGISF
XLINE .
MIXER
PASHFX
PROPEL
MAIN

XLINF

MATN
ENGISP
¥LINE
MIXER
PASHEX
PROPEL

“MATN

VALVE
MIXER
PASHEX

MATN
ENGINE

VALVE
MATN
PASHEY
MAIN
PASHEX
MAIN
PASHEX
MAIN
PASHEYX
MATN
MATIN
MATIN

. MAIM

MATN
PROAFHZ
PP PHOH

UNITS

LM
LAM
LRM

LBM

LRF=SEC/LPM

eT

1-8

VOLUWE Il

DESCRIFPTION

PERCENT OF H2 LIQ FLCW RATE THROUGE
PASSIVE HEAT EXCHANGER

PERCENT OF 02 LIQ FLCW RATE THPOUGH
PASSIVE HEAT EXCHANGER

WEIGHT RESIDUAL=H2 (MAIN ENG TANKD
WEIGHT RESIDUAL-02 {MAIN ENG TANK)
TOTAL APS WEIGHT

STORAGE ARRAY

WEIGHT OF THERMAL CCNDITICNEPS.H2+DZ
STORAGE ARRAY

STORAGE ARRAY FOR HEAT EXCHANGER
STORAGE ARRAY FOR COMPCNENT HEIGHTS
STORAGE ARRAY

ENGINE SPECIFIC IMPULSE

TOTAL LINE LENGTH

ENGINE MIXTURE RATIQ (C/F)

MAXIMUM N, OF ENGINES FIRING
SIMULTANEDOUSLY

TOTAL NOs0F EMGINES IN APS

NUMBEP OF PANELS H2 HEAT EXCHANGER
NUMBER OF PANELS U2 HEAT EXCHANGER
NUMRER NF TURES PER PANEL H2 HEAT EXCH
NUMRER NE TUSES PER PANEL C2 HEAT EXCH
NnUMMY VARTARLE IN CCMMCN

DUMMY VARTARLE IN CCMMCN

DUMMY VARTARLE IN COMMON

INPUT TAPE
OUTPUT TAPE

ke it
! _i_-lli ’
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c&

VARIABLE

AR
35}
A1
a2
A3
.Y
)]
2]
P2
R3
B4
RS
CEPS
CC
CMP
CSTAR
FfTH
cTe
co
C1
r?
C3
C&
ces
nn
ni
D2
Fo
£1
£2
G
HO
H1
H2
TH
™
Aj
_AA
Y
AB
AR
AN
Al
AZ
A3
Ad
Bo |

TYPE

|

P
R
R
R
R
R
=3
R
R
1=
R
R
R
R
R
R
[
R
2]
R
2]
R
R
R
R
R
R
R
R
R
K
Q
R
R
]
P
©
R
-]
]
R
=3
R
R
R
B

MCDONNELL DOUGLAS AS
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ROUTINE

ENGISO
ENGISP
ENGISP
ENGISP

FNGISP

EMGISP
ENGISP
ENGTSP
FNGIEP
FNGISP
ENGISP
ENGIS®
ENGISP
ENGISP
ENGISP
ENGISP
EMGISP
ENGISP
FNGISP
ENGISP
ENGISP
ENGISP
FNGISP
EMGISP
ENGISP
EMGISP
ENGISP
FNGISP
ENGISP
ENGISP
ENGISP
ENGISP
EMGISP
ENGISP
ENGISP
ENGISP
ENGINE
PROP EL
ENGINE

pPROPEL -

TANK

FNGINE
ENRINF
ENGINE
EMGINE
ENGINE
ENGINE

UNITS

1-9

VOLUME Il

DESCRIPTION

DUMMY VARTIABLE IN CCMMNN
CURVE FIT COEFFICIENTS, MR EFFECTS

CURYVE FIT COSFFICIENTS MR EFFECTS

CURVE FIT COEFFICIENTS,MR EFFECTS
CURVE FIT COEFFICIENTS,MR EFFECTS
CURVE FIT CODEFFICIENTS MR EFFECTS
CUPVE FIT CNEFFICIENTS,THRUST EEFECT
CUPVE FIT COEFFICIENTS THRUST EEFECT
CURVE FIT COEFFICIENTS,THRUST EFFECT
CURVE FIT CNEFFICIENTS,THRUST EFFECT
CURVE FIT COEFFICIENTS,THRUST EFFECT
CURVE FIT COEFFICIENTS,THRUST EFFECT
EXPANSION RATIQ EFFECT GON iISF

THRUST EFEECT ON ENGINE ISF

MIXTURE RATIO EFFECT CN ENGINE ISP
MIXTURE RATIO/THRUST CCEFFIECIENT

H2 INLET TEMP COEFFICIENT, EFFECT-ISP
02 INLET TEMP COFFFICIENT,EFFECT-ISP
CURVE FIT COEFFICIENTS,EPS EFFECT
CURVE FIT COEFFICIENTS,EPS EFFECT
CURVE FIT COEFFICIENTS,EPS EFFECT
CUPVE FIT COEFFICIENTS,EPS EFFECT
CURVE FIT COEFFICIENTS,EPS EFFECY
CURVE FIT COEFFICIENTS.EPS EFFECT
CURVE SIT COEFFICIENT,H2 TEMF EFFECT
CURVE FIT COEFFICIENT,H2 TEMP EFFECT
CURVE FI1T COEEFICIENT,H2 TEWF EFFECLT
CURVE FIT COEFFICIENT,C2 TEVMF EFFELCY
CURVE FIT COEFFICIENT,C2 TEME EFFECT
CURVE FIT COEFFICIENT,C2 TEMP EFFECT
MIXTURF RATIO EFFECT CCEFFICIENT
CURVE TIT COEFFICIENT,MR EFFECT
CURVE FIT COEFFICIENT.MR EFFECT.
CURVE FIT COEFFICIENT,MR EFFECT
TEMPERATURE HYDRGGEN,ENGINE INLET
TEMBERATURE NXYGENJLENGINE INLET
DUMMY VARTARLE IN COMMON

CUMMY VARTARLE

CURVE FIT COEFFYS,F/P EFFECT~ENG WT,
CURVE FIT COEFF'S,F/P EFFECT-ENG WT.
CURVE FIT COEFF'S,F/P EFFECT-ENG WTe
CURVE FIT COEFF'S,F/P EFFECT-ENG WT,
CURVE FIT COEFF'S,F/P EFFECT-ENG WT,
CURVE FIT COEFF'S,EPS EFFECT-ENG WT.

P PR I BN AR P
FTOI LT \"-u}l:'?-..
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VARIABLE TYPE

Rl

B2

B3
RET®
wT

WTA
WTR
WTPSA
RELP
LH2
DMAYX H2
DMAXN2
pn2
S penL
15P
1P

MR

MR

N

o]

PI

PI

P

BHN

S

THH?
THH2S
THO?Z
THA?2S
THRUST
THRUST
TH?
T2
TWH?
TWN2
WDNOTH2
WNNTN2
WH?2
wn2

AC

AC

AC

AD

DVALH?

NVALNZ
WH?2
W2

R

R
.}
(>4
R
=
R
R
R
R
n
R
R
R
R
]
R
n
1
R
R
R
p
|24
R
R
R
R
R
B
R
R
R
R
R
R
R
[
R
R
R
R
R
P
R
R
R

LOW PRESSURE APS DESIGN AND SIZING ' MOC E0398

ROUTINE

ENGINF
ENGINE
ENGINE
ENGINE
FNGINF
ENGINE

ENGINF

ENGINF

- XLINFE

XL INE
XL IME
XLINE
XLINE
XL INE
XLINE
MIXER
Xt INE
MIXER
XL INE
YL IME
XL INE
MIYER
PASHEX
XLINE
XL INE
XLINE
XLINE
XLINE
XLINE.
XL INE
MIXER
XL INE
XLINE
XL INE
XLINE
XLINE
XLINE
XL INE
XL INE
VALVE
PROP EL
TANK
VALVE
VALVE
VALVE
VALVE
VALVE

1 JUNE 1971

COMPUTER PROGRAM ' VOLUME I

UNITS

LRM

LBM
LRE JINMXA2
INS
INS
INS
INS
PSTIA/ET
LBF-SEC /LM

DESCRIPTION

CURVE FIT COEFFY'S,EPS EFFECT~ENG WTe
CURVFE F1T COEFFYS.EPS EFFECT-ENG WTs
CURVE FIT COEFF'S,EPS EFFECT-ENG WT4
PATIO OF THRUST TO PRESSURE

WEIGHT OF CNE ENGINE _
THRUST/PRE SSURE COEFFICIENT=ENGaWT,
NOZZLE EXPANSION RATIC COEFF-ENGeWTe
WEIGHT PNEUMATIC SUBASSEMBLY :
PRESSUPE BUDGET FOR FEED LINES

LINE DIAMETER-H2 SIDE

MAXIMUM FEED LINE DIAMETER-H2 SIDE
MAXIMUM FEED LINF DIAMETER-C2 SICE
LINE DIAMETER~-C2 SIDE

PRESSUPE DROP PEF UNIT tINE LENGTH
ENGINE SPECEFIC IMPULSE

FNGINFE MIXTURE RATIO

LEN ARPAY SUSSCRIPT

LEF/IN%%2 TCMPDRARY PRESSURE VARTABLE
NUMERICAL CCNSTANT
LEM/IN%**3 DENSITY OF TURING MATERIAL
LRE/IN%=%2 ULTIMATE STRENGTH CF TUBING MATERIAL
NS TURING THICKNESS HZ LINE
INS H? TUSE THICKNESS BASED ON STRENGTF
IMS TUBING THICKNESS C2 LINE
INS 02 TUBE THICKNESS BASEC CN STRENGTH
LRF THRUST PEP ENGINE
DEG R H2 GAS TEMPERATURE
DEG R 02 GAS TEMPERATURE
LBM/SFC TEMPORARY FLOW RATE VARIABLE-HZ SIDE
LRM/SEC TEMPORARY FLOW RATE VARIABLE-C2 SICE
LBM/SEC H2 PROPELLANT FLOW RATE PER ENGINE
LBRM/SEC 02 PROPELLANT FLCW RATE PER ENGINE
LBM H2 LINE WE IGHTS
LRM . 02 LINE WEIGHTS
DUMMY VARIABLE IN CCMMCN
DUMMY VARTARLE IN COMMCN
INS TFEFMPORARY VALVF FLOW DIAMETER-H2
INS TEMPORARY VALVE FLCW DIAMETER-0O2
LBM H2 VALVE WEIGHT
LAM 02 VALVE WEIGHT
FI Tt e j
1-10
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VARIABLE

WTVALH
WTYALD

Tl b= N YD >

M3
X

KK
XN
Y

ALH?
ALD?Z
NTALKHZ
NTALN2
LFRHZ

LFERN2

LVELHZ

LVELHZ

IVELN2
LVELD2
MEE

P HOH?

FHOHZ

P HON2

RHON2

WNOTHZ
WDOTLH
wnnTLC
WwpoTN2

TYPE

R

Q
R
”
R
R
R
I
1
I
1
1
1
I
1
1
1
1
I
1
R

o O x

b« S

D oo DDOWMD oM D JDn

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

ROUTINE

VALVE

VALVF

INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERP
INTERR
INTERP
INTFRP
INTERP
INTFRP
INTERP
INTFRP

INTERP
INTERP
INTERP

MIXER
MIXER
MIXER
MIXER
MIXER

MIXER

MIXER
PASHEX
MIXER
PASHEX
MIXER
MIYER
PASHFX
MIXER
PASHEX
MIXER
MIXER
MIXER

MIXER

UNITS

LEM
LBM

I M2
ITN#** 2
INS
INS

FT/SEC

=T/SEC

LEM /FT#%3

LRM /FT#%2

LAM/SEC
LBM/SEC
LBM/SEC
LBM/SEC

TEMPORARY
TEMPQORARY
TEMPORARY
TEMPOIRARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPQORARY
TEMPDRARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY
TEMPORARY
NUMBER OF
INDICATOP

MOC E0398
1 JUNE 1971
VOLUNE Il

DESCRIPTION

H2 VALVE
C2 VALVE
VARTABLE
VARTABLE
VARIABLE
VARIABLE
VARTIABLE
VARTABLE
VARTABLE
VARTABLE
VARTABLE
VARTABLE
VARTABLE
VARTABLE
VARIABLE

WEIGHT
WEIGHT

DATA POINTS

NROER OF LEAST SQUARE CURVE FIV

TEMPORARY
TEMPORARY

VARIABLE
VARTABLE

IN=INDEPENDENT VARIARLE ARRAY
OUT=L AGRANGE COEFFICIENTS

TEMPORARY
TEMPORARY

VARTABLE
VARTABLE

IN=DEPENDENDENT VARIABLE ARRAY
QUT=LFASY SQUARE COEFFICIENTS
LIOUID FLOW AREA-HYDORCGEN

LIOQUID FLOW AREA-OXYGEN

LIOUID FLOW DIAMETER-HYGROGEN
LIQUID FLOW DIAMETER-CXYGEN
MAXIMUM RATIOD OF MIXER LICUIC FLOW
TN TOTAL ENGINE FLOW-HYCRCGEM
MAXIMUM RATIO OF MIXER LIQUIC FLOW
TO TOTAL ENGINE FLOW-CXYGEN
MAXTMUM H2 LIOUID LINE VELCCITY

MAXTMUM 02 LICUID LYNE VELCCITY

NUMRER OF ENGINES FIRING

LIQUID H2
LIQUID 02

H2
H2
02
02

i-11

DENSITY

DENSITY

PRNPELLANT FLOW RATE-ALL ENGINES
LIAUID FLOW RATE INTC MIXER
LIQUID FLOW RATE INTO MIXER
PROPELLANT FLOW RATE-ALL ENGINES

FIGURE 1-3 (Cont.)
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VARIABLE TYPE

- WGVH2
WwGvQn?
WLT
WLVHZ
WLvQO?Z
WMAH?Z
WMAD?2
WMCH2
WMren2
WPRH?2
worn?2
WT Y
ALLH
aLLOD
nLLH
oLLn
N MK
DLMN
GMAH
GMAN
GMNH
cann
GMLGH
GMLGD
CMTH
GMTO
PTH
PTH
oTn
PTN
EHATY
B IVWH
QIVWO
TLLH
TLLD
TLMH
TLMO
TTHH?
TTHN?
TURAH
TYRAD
FiiRNNE
Ty RAON
TYRWH
TURWO
UL Ts
WNNTH2
wOnTOo?2

]

R
R
R
)
=]
o
R
r
R
R
R
n
R
R
R
=)
R
R
R
R
R
]
P
n
R
R
R
R
R
R
>4
R
R
Q
R
R
[ #]
R
R
P
R
=]
n
R
=)
R
=

LOW PRESSURE APS DESIGN AND SIZING MDC £0398

ROUTINE

MIXER
MIXER
MIXER
MIXER
MIXER
MIXER
MIXER
MIXER
MIXER
MIXER
MIYER
MIXER
PASHFY
PASHEX
PASHEX
PASHEX
PASHEX
PASHEX
PASHEX
PASHEX
PASHFEX
PASHEX

PASHEX

PASHEX
BASHEY

~ PASHEX

PASHEYX
T ANK

PASHEX
TAMK

PASHEX
PASHEX
PASHEX
PASHEX
PASHEX
PASHFYX

 PASHEX
PASHFX

BASHEY
PASHEX
PASHEX
PASHEX
BASHEX
PASHEX
PASHEX
PASHEX
PASHEX
PASHEX

1 JUNE 1971
COMPUTER PROGRAM : VOLUME I
UNITS DESCRIPTION

LBM WEIGHT GAS VALVE-HYDRCGEN
LBM WEIGHT GAS VALVE-OXYGEN
LAM/SEC  TOTAL H2 AND 02 LIQUID FLOW RATE
LBM WEIGHT OF LIQUID VALVES-HYDRCGEN
LBM WEIGHT OF LIQUID VALVES~OXYGEN
LRM TOTAL MIXER ASSEMBLY WEIGHT-H2
LAM TATAL MIXER ASSEMBLY WEIGHT-C2
LBM WEIGHT MIXING CHAMBER-H2
LBM WEIGHT MIXING CHAMBER-C2
LBM WEIGHT PRESSURE REGULATORS~H2
LBM WEIGHT PRESSURE PEGULATGRS=-C2
LBM WEIGHT LIOQUID THROTTLE VALVES
TN S#% 2 LIQUID FLOW AREA-H2
INS*%2 LIOUID FLCW AREA-02
- INS DIAMETEP LIQUID LINE-H2
INS DIAMETER LIQUID LINE=-C2
INS CIAMETFR LIQUID MAINFOLD-HZ2
INS DIAMETER LIQUID MANIFCLD-C2
TN S#% 2 GAS MANIFOLD FLCW AREA-H2
INS#% 2 GAS MANIFOLD FLOW AREA~G2
INS GAS MANIFCLD DIAMETER<HZ2
INS A4S MANTSOLD NTAMETER-C2
INS GAS MANIFGLD LENGTH-H2
INS GAS MANIFOLD LENGTH-C2
INS GAS MANIFOLD THICKNESS-H2
IMS GAS MANIFOLD THICKNESS-Q2
LEE/IN®%*2 APS PROP TANK DESIGN PRESSURE-H2
LBF/IN%%2 APS PROP TANK PESIGN PRESSURE-02
LEM/IN*%2 NRENSITY OF TURE AND LINE MATERIAL
LRW TUBE ATTACHMENT (RIVET) WEIGHT-HZ
LAM TURE ATTACHMENT (RIVET) WEIGHT-0O2
INS THICKNESS LIQUID LINE-H2
INS THICKNESS LTQUID LINE-02
INS THICKNESS LIQUID MANIFCLD-HZ
INS THICKNESS LIQUID MANIFCLOD-C2
INS HEAT EXCH TURE THICKNESS-H2
INS HEAT EXCH TUBE THICKNESS=-02
INS**2 TUBE CROSS SECTIONAL AREA-HZ
INS#%2 TUBE CRASS SECTIONAL AREA-C2
INS TUBF OUTSIDE DIAMETER=-H2
INS TUBF QUTSIDE DIAMETER-C2
LRM HEAT EXCH TUBE WEIGHT-H2
LBM HEAT EXCH TUBE WEIGHT-C2
LRF/IN*%2 ULTIMATE STRENGTH OF MATERIAL
LAM/SFC  H2 FLOW RATE THROUGH HEAT EXCHANGER
LBM/SEC 02 FLOW RATE THRCUGH HEAT EXCHANGER

FIGURE 1-3 (Cont.)
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2 : - LOW PRESSURE APS DESIGN AND SIZING . moCED®

COMPUTER PROGRAM it

VARIABLE TY{PE ROUTINE UNITS DESCRIPTION
WGMH K PASHEX LeMm WEIGHT GAS MANIFOLND-HZ
WGMN g PASHEX . LRM WEIGHT GAS MANIFOLD-CZ
WLLH R PASHEX LAM WEIGHT LIQUID FEED LINES-H2
ween R PASHEX . LAM WEIGHT LIOUID FEED LINES-02
WL MH R PASHEYX L BM™ WEIGHT LIQUIND MANIFOLDS-HZ
WLMO R PASHEX LRM WEIGHT LIQUID MANIFCLDS-CZ
WV H d PASHEX -LLBM LIQUID VALVE WEIGHTS-HZ
WwyQo R PASHEX LRM LIQUID VALVE WEIGHTS-CZ
YLGH R PASHEX T LENGTH FROM APS TANK TC HEAT EXCH-FZ
XLGO R PASHEX FT - LENGTH FROM APS TANK TC HEAT EXCH-C2
XLLLH R PASHEX FT . TOTAL LIQUID FEED LINE LENGTH-H2
XLLLO "R PASHEX FT TOTAL LIQUID FEED LINE LENGTH-02
YLLMH R PASHEYX INS LENGTH LIQUID MANI[FOLD-HZ
YLLMND R PASHEX INS LENGTH LIQUID MANIFCLD-02
Ny L TANK NUMBER NF PASSES COOLING SHRCUD=-HZ
N2 R TANK NUMERER OF PASSES CCCLING SHRCUC-02
PRHZ2 R TANK LRE/IN%*%2 RURST PRESSURE H2 TANK
paAN2 R TANK LBF /IN%%2 RURST PRESSURE 02 TANK
RANHZ R TANK TNS RADIUS HZ TANK
raACn?2 R TANK INS RADIUS 02 TANK
SURAHZ R . TANK INS%*2 SURFACE AREA H2 TANK
SURAN2 R TANK TNS&=2 SURFACE ARFA 02 TANK
TH2 R TANK INS TANK WALL THICKNESS-HZ TANK
TN? R TANK INS TANK WALL THICKNESS-02 TANK
TURCSA e TANK INS*=2 COOLING SHROUD TUBING CROSS-

SECTIONAL AREA INCLUDING FLANGES

VALH? e TANK TSk VOLUME HYDROGEN TANK
ynLnzg R TANK INSH%3 VYOLUME aXYGEN TANK
WADH2 R T ANK LBM WEIGHT H2 PROP ACQUISITICN DEVICE
WAaDN2 R T ANK LBM WEIGHT 02 PROP ACQUISITICN CEVICE
wWenH2 R TANK Law H2 PRNPELLANT B80IL-GFF WEIGRHT
WRrn2 R TAN¥ Lam 02 PRNPELLANT BCQIL-CFF WEIGHT
WESH? R TANK LAM WEIGHT COCLING SHRCOUD-HZ TANK
WrSn2 R TANK LBM WEIGHT COOLING SHRCUD-C2 TANK
WETH? r TANK LEM WEIGHT COOLING SHROUD TUBES=HZ TANK
WeTnN2 R TANK LBM WEIGHT CNOLING SHROUE TUBES~C2 TANK
WEGHZ R T ANK LEM WEIGHT ©IRERGLASS COVER-H2 TANK
WEGN?2 R TANK L2M WEIGHT FIRERGLASS CCVER-CZ TANK
WFH2 R TANK LRM WEIGHT FOAM=H2 TANK
WIH2 f TANK LRM WEIGHT INSULATICN-H2 TANMNK
winz R T ANK LBM WEIGHT INSULATICON~C2 TANK
WTHZ R T ANK LEM WEIGHT H2 TANK
WT? R TANK - LBM™ WEIGHT M2 TANK
WTSH2 v TANK LEM WEICHY 0OF H2 TANK SUFPCRT
WTS(2 R TANK LRM WEIGHT 0OF C2 TANK SUPPCRT
WTTH2 R

T ANK LLeM™ TATAL H2 STORAGE ASSENBLY WEIGHT

FIGURE 1-3 (Cont.) -
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VARTABLE
WwTTN?
WVYH?
wyrz
WYRH2
o
PAYNZ

PTH2
PTN2
RHEMT I
RHFOF
PHENT
RHEQTF
RHM
PNz
TH2
T02
VALHEH
VOLHED
VPH
VPHO
VPHI1
VPH2
ven
_venn
venl
vpn2
WH2
w0z
VOLH2
voLaz2
A

- = I» T D b

Dw

AL1
AL2
CAL2
AL3
AL3
ALG
AL 4

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

. TYPE ROUTINE

TANK
TANK

T ANK
TANK
PRESYS
PRESYS

DD oXMmMD DO

PRESY S
"PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
~ PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRESYS
PRFSYS
PROFHZ
PROFD 2
HINT'
SINT
FUNCT
DFDR
DFDT
CVINT
PROFH2
PROFD2.
PROFH?
PROFN 2
PROFH2
PROFO?2
PROFH2
PROFN2

D‘D‘DI)IJUIJ'QJU]Jﬁ‘»U'D‘DIJD'-UU;DDDIUUTUDDDDﬂ‘,Uﬁﬂ:OW'DDI)IJDD

UNITS

LaM
LRM
LBM

LA™ /HR

LRF /IN%%2

LREXINS

LRE /IN%%2
LR=FIN&*2
LBM/TN**2
LBM/IN*%3
LBM/IN%%3
LBM/IM=%3

DEG R
DEG R
TM&%3
IN##%3
LBF /IN®*2

LRF/ IN&%)

L3Mm
LBM
IN#e%3
IN¥%*3

TEMPORARY

MDC E0398
1 JUNE 1911
VOLUME U}

DESCRIPTION

TOTAL 02 STORAGS ASSENMBLY WEIGHT

H2 PROPELLANT VENTED-TOTAL

02 PROPELLANT VENTED-TCTAL

H2 PROPELLANT VENT RATE

PRESSURE OF HELIUM

PRODUCT OF BURST PRESSURE ANC
VOLUME=-HELIUM TANK,OXYGEN SICE

APS H2 TANK DESIGN PRESSURE

APS N2 TANK DESIGN PRESSURE

DENSITY OF HELIUM,H2 TANK INITIALLY
DENSITY DF HELIUM,02 SIDE FINAL COND
DENSITY OF HELIUM,C2 STDE INITIALLY
NEMSITY OF HELIUM,02 TANK FINAL COND
DUMMY VARTABLF
DUMMY VARIARLE
H2 TANK SATURATICN TEMPERATURE

N2 TANK SATURATICN TEMPERATURE

H2 TANK ULLAGE VOLUME CR HELIUM VClL.
VALUME OF HELIUM TANK-C2 SIDE"

VAPQOR PRESSURE HYDROGEN

NUMERICAL CONSTANTS,CURVE FIT OF H2
VAPOR PRESSURE VERSUS TEMPERATURE,
USING ARRHENIUS RELATICNSHIP,

VAPOR PRESSURE OXYGEN

NUMERTICAL CNNSTANTS,CURVE FIT OF Q2
VAPOR PRESSURE VERSUS TEMPERATURE,
USING ARRHENIUS RELATICNSHIP

WEIGHT OF H2 PRESSURIZATION ASS'Y
WEIGHT OF 02 PRESSURIZATION ASS'Y
VOLUME HZ TANK ULLAGE

VOLUME 02 TANK

VARTABLE

LTQUID HYDROGEN CURVE FIT CCEFF

LIOUID HYNDROGEMN CURVE FIT CCEFF

LIQUID HYDROGEN CURVE FIT COEFF

LIQUID

HYDROGEN CURVE FIT CCEFF

FIGURE 1-3 (Cont.)
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e

VARIABLE TYPE

ALK
AL S
ap
Y=
AS
AS
AS1
S 2
2S 72
AS 4
AT
AT
AT 2
AT 2
AT
AT 4
AT S
AD
AD
Al
Al

=3

R
rLK]
ALK1
RLK1
RLK1
Bkl
BLK1
BLK1
FLK1
ap
RP
RS
RS

cp
cp
cpo
coee
crPO
cen
LS
Cs
cv
cv
VO
cvo

R

R
R
R
R
]
-]
R
R
R
R
R
K
R
R
R
R
Q
R
R
]
R
R
n
e
R
ki
R
R
R
R
R
R
1)
R
R
R
p
R
e
R
R
R
R
R
=}
P
Q
-3

LOW PRESSURE APS DESIGN AND SIZING MDC E0338

ROUTINE

PROFH2
PRNOFN 2
PROFH?2
PROFO 2
PROFH?Z
PROFOD?2
PRNFHZ

PROFH2

PROCHZ
PRNEH?
PROFHZ
PROFDZ2

PROFH2

PROFN2
PROFH2
DROFH2
PRNFH2
PROFHZ
PROFD2
PRNFHZ
PROF(G2
PROFH2
PROFN2
PROFH2
PROFD2
HINT
SINT
FUNCT
DFDR
DFDT
CVINT

"PROFHZ

PROFN2

PROFHZ

PROFNZ

PROFH2.

pPRNFD?2
PROFH2
pROFN2
PROFH2
pPROFNZ
PROFHZ
PROFD?2
PROFH2
PROFQZ
PRNEH2
PROFN2
PROFH2
PROFN2

1 JUNE 1971

COMPUTER PROGRAM , VOLUNE 1t

UNITS

RTU/LR-*R

BTU/LB-*%R

DESCRIPTION
LIOUID HYDROGEN CURVE FIT .COEFF
CONSTANT
CONSTANT
CONSTANT
COMSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
CONSTANT
COMSTANT
CONSTANT FOR HYDROGEN
TEMPORARY VARIABLE
CONSTANT

COMMON RLOCK

CONSTANT

CONSTANT

CONSTANT F0OR HYDRCGEN

CONSTANT

CONSTANT PRESSURE SPECIFIC HEAT
TEMPORARY VARIABLE

CONSTANT

CONSTANT VCLUME SPECIFIC HEAT

TEMPORARY VARIABLE
FIGURE 1-3 (Cont.
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G

VARIABLE

Co
co
c1
c1
c2
c2
c3
3
Ca
o
cs
(£
Ch
ch
cr
r7

0

D

np
pe
DPOR
DPOR
0o DY

DPOT
ns
DS -
E

£

EP
ED
ES
€5
EX
EX
EX
CEX
EX
FX
FX
EX

F

F

S
FS

G
GAMMA
GAMMA

TYPE

VDAL DRV OV VOV ODDODODONVANDDDL

DWWV DDAV HODNDVTIODOD VIO OTONDDD

LOW PRESSURE APS DESIGN AND SIZING _ MDC 0338

ROUTINE

PROFHZ
PROFO2
PROFH2
PROFO2

- PROFH2

PROFD2
PROFH2
PROFO2
PROFH2
PROFD2
PROFH2
PROFO2
PROFH2
PROFO2
PROFH2
PROFO2
PROFH2
PROFO2Z
PROFH2
PROF02
PROFH2
PROFND2

. PROFH2

PROFN2
PROFH2
PROFN2
PROFH2
PROFN2
PROFHZ
PROFO2
PROFH2
PROFN2
PROFH2
PROFO 2
HINT

SINT

FUNCT
DFOR

DFDT

CVINT
PROFH2
PROFO2

PROFH2 -

PRAFQ2
PROFH2
PROFH?2
PROFO 2

1 JUNE 1971 -

‘COMPUTER PROGRAM VOLUME It

UNITS
FT/SEC

BTU/LBM

ATM/*K

DESCRIPTION
SONIC VELOCITY

TEMPORARY VARIABLE

TEMPORARY VARIABLE

YEMPORARY VARIARBLE

TEMPORARY VARIABLE

TEMPORARY VARTABLE

CONSTANT

CONSTANT

CONSTANT FCR HYDRQGEN

CONSTANT

PARTIAL OF PRESSURE W/R TO CENSITY

PARTIAL OF PRESSURE W/R TO
TEMPERATURE

CONSTANT
CONSTANT FOR HYDROGEN
CONSTANT
CONSTANT

TEMPORARY VARIARLE

CONSTANT FCR HYDROGEN
CONSTANT

CONSTANT FOR HYDROGEN
RATIO OF SPECIFIC HEATS

FIGURE 1-3 (Cont.)
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1 JUNE 1971

LOW PRESSURE APS DESIGN AND SIZING MOC 0398
& COMPUTER PROGRAM | JUNE 1371

VARIABLE TYPE ROUTINE  UNITS DESCRIPTION
GS ° PROFH2 CONSTANT
H R PROFH2 EXTERNAL FNTHALPY
: RYU/LEM
INTERNAL
J/GR=MDLF

H R PROFD?2

HSAT R PROFH? J/GR-MOLE SATURATED LIOQUID ENTHALPY
HSAT R PROFD?2 ‘

H1 R PROFH2 CONSTANT FCR LIQUID HYDRCGEN
H1 © PROFO 2

H2 ] PROFH2 : CONSTANT FOR LIQUID HYCRCGEN
H2 R PRNFO2

H2 R PROFH2 CONSTANT FCR LIQUID HYCRCGEN
H3 e PROFO?2

Hé Q PROFH2 CONSTANT FGR LIQUID HYDRCGEN
Ha P PROFNO2

HS R DROFH2 CONSTANT FCR LIQUID HYDROGEN
H& R PROFOD?2

1 1 PROFH2 TEMPORARY VARTIABLE

1 1 PROFNZ ' .

IND I PROFH2 FLAG

IND 1 PRNFNZ

K 1 PROFH?2 INDEXING VARIABLE

K 1 PRNAFN2

D R PROFH2 FXTERNAL PRESSURE

LB/ INx*D
INTERNAL
. ATM

B P PROFO2

P R EUNCT

o R DFOR

P R NFOT

) ] CVINT

o R HSAT

P P OSAT :

pr ‘R PROFH2 ATH CRITICAL PRFSSURE

P ] PROFND?2 ‘

PP R "PROFHZ TEMPDRARY VARIABLE

po R PROFO 2

PRNPS. R PROFH2 . OMMON BLOCK

PROPS P PROFNO2

DSAT P PPNFH2 , ATM SATURATED LIQUID PRESSURE
 PSAT r PROFN2

FIGURE 1-3 (Cont
1-17 |
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t JUNE 1971

' | | LOW PRESSURE APS DESIGN AND SIZING MDC E0398
& | COMPUTER PROGRAM ' e

VARIABLE TYPE ROUTINE  UNITS DESCRIPTION
RHA R PROFH2 EXTERNAL DEMSITY
. ‘ LBM/ TN
TNTERNAL
GR=MOLFE /
CM*#?
QHP R PROFQ 2
RHN P HINT
OHN R SINT
RHD 12/ FUNCT
PDHE R DFOR
R HA R NFOTY
RHN R CVINT
. RHNC R PRMAFHZ CONSTANT
RHOC R PROFN2 '
RHOS e PPOEHZ GR-MDLE/ SATURATED LIQUID DENSITY
CMEx%k3
RHNS ® PROFN?
RHNO Q PRNFH2 TEMPORARY VARIABLE
RHMO R  PROFN2
FHO? P PEAEH2 TEMPDRARY VARIABLE
RHO?2 R eeNFEN2
RHN2 R HINT
RHN2 R SINT
RHC 2 R FUNCT
RHO2 R DFQR
PHO2 R DFOT
S R PROFH? BRTU/LP-%R  ENTRQPY
< R PROFN 2
SA R PRAFH? TEMPORARY VARTABLE
<A R PROFN 2 _
5a R PROFH2 ‘ TEMPORARY VARIABLE
SR R PROFOQ2
<r R PROFHZ TEMPORARY VARTABLE
SC P PROFN2 '
<S AT R PROFH2 JOULF/ SATURATED LIQUID ENTRCPY
R =MOLE-%K
SGAT P PROFN2
$1 R PROFH2 TEMPORARY VARIABLE
S1 R PROFAZ
$2 R PRAFH? ' TFMPORARY VARIABLE
s2 R PROFQO2

FIGURE 1-3 (Cont.)
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- 7 LOW PRESSURE APS DESIGN AND SIZING DG E0398
é:;;::— COMPUTER PROGRAM OLUME N

VARIABLE TYPE ROUTINE UNITS DESCRIPTION

T R PROFH? EXTFRNAL *R TEMPERATURE
' INTERNAL *K

¥ R PROFQ?

T R HINT

T R SINT

T R FUNCT

T R DFDR

T R 0OFDT

T R CVINT

T 3 HSAT

T R QOSAT ' .
TA R PROFH?2 TEMPORARY VARIABLE
TA R pPRNFI2 '

TR R PROFHZ TEMPORARY VARIABLE
TR R PRNEQ?2 .
TC R PRAFH2 CONSTANT

TC R PROF0O2 .
TO R PROFM2 *iK PREVIOUSLY CALCULATED TEMPEPRATURE
To R PRNFO 2

T R PROFH?2 TEMPORARY VARIABLE
T R PROFQO2 ,

T18 » PROFH2 *F TEMPERATURE

U R PROFH?2 RTU/LRM INTERNAL ENERGY

1 R PROFN2 :

VW A R PROCH? VAN DFER WAAL CONSTANT
VW A P PROEN?2

. VWA Q PROAFH2 ‘ VAN DER WAAL CONSTANT

VWR R PROENZ

4 R PROFH?Z COMPRESSIBILITY

7 R PRNEN2 :

HINT "R HINT . TEMPMRARY VARIABLE
SINY R SINT TEMPORARY VARIABLE
F R FUNCT TEMPORARY VARIABRLE
FUNCTY R FUNCT TEMPORARY VARTABLE
RHN?2 R FUNC T TEMPORARY VARIABLE
FHN3 R DFDR

2HO3 R DFEDT

P HAR R, FUNCT TEMPORARY VARIABLE
rPHOS R nFDR

RHNS R DFEDT

LFOR R NFDP TEMPORARY VARIABLE
FR R CEDR TEMPORARY VARIABLE
nepT R DEDT TEMPORARY VARIABLE
£T R DFDT TEMPORARY VARIABLE

FICURE 1-3 (Cont.)
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VARIABLE
ARA
en
Pl
P2
FHOSO
2HO1
RS
T2
T2
T2
T2
A
Aa
ARE
ACAP
AL PHA
ANCT
Al
A2
A3
Ay
AS
.

RR

rBR

RC AP
RETA
aNrT
CBhR

cP

cv
CVTMAT
co
nene
ENOT
FPS
GAMMA
H
HHEL TU
HHD
HH2M
HNOT
" HO2

1

‘TGAS
JPRINY
K

M

N

R
R
R
124
R
R
R
P
R
R
o
R
R
=)
R
R
o
)
R
R
R
=
Q
R
R
R
)
R
2
p
R
R
R
R
R
R
R
R
R
R
Q
n
R
1
1
1
1
I
1

LOW PRESSURE APS DESIGN AND SIZING hoC E0t8
COMPUTER PROGRAM | v

TYPE ROUTINE

PROFQO2Z
PROFQ2
PROFN2Z
PROFND?2
PPOFN2
PROFQO2
PROFD2
PROFN2
HINT
SINY
CVINT
PRPHOH
PRPHOH
PRPHOH
ORPHOH
PROHDH
PRPHOH

PRPHNOH

PRPHOH
PRPHOH
PRPHOH
PRPHAOH
PRPHNH
PROHOH
PROHNH
PRPHOH
PRPHOH
PROHNH
PPPHNH
PROHNH
PROHNH
PRPHOH
PRPHOH
PRPHOH
PPPHOH
PRPHNH

“PPPHOH

PRPHAH

‘PRPHNH

PROHOH
PRPHNH
PROHOH
PRPHNH
PRPHOH
PRPHOH
PRPHOH
PRPHOH
PRPHOH
PRPHOH

UNITS

BTU/LB=-%*R

BTU/LB—=R

ATU/LE-%*R
FT/SEC
BTU/LEBM
RTU/LBM

BTU/LEM

BTU/LEM

YOLUME !

DESCRIFTION
TEMPORARY VARIABLE

TEMPORARY VARIABLE
TEMPORARY VARIABLE
TEMPORARY VARIABLE
TEMPORARY VARIABLE
TEMPORARY VARIABLE
TEMPORARY VARIABLE
TEMPNRARY VARIABLE .

STOPAGE ARRAY
VARTABLE FCOR BEATTIE BRIDEGEMAN EQ
CONSTANT FOR BEATTIE BRIDGEMAN EQ
TEMPORARY VARTABLE
TEMPORARY VARIABLE
CONSTANT FOR REATTIE BRIDGEMAN EC
SPECIFIC HEAT CONSTANT FCR CALC
SPECIFIC HEAT CONSTANT FCR CALC
SPECIFIC HEAT CONSTANT FOR CALC
SPECIFIC HEAT CONSTANT FCR CALC
SPECIFIC HEAT CONSTANT FOR CALC
STORAGE ARRAY
VARIARLE FCR PREATTIE BRIDGEMAN EQ
VARIABLE FOP BEATTIE BRIDGEMAN EQ
TEMPORARY VARIABLE
TEMPORARY VARTABLE
CINSTANT FOR BEATTIE RRIDGEMAN EQ
CONSTANT FOP BEATYIE BRIDGEMAN EC
CONSTANT PRESSURE SPECIFIC HEAT
CONSTANT VCLUME SPECIFIC HEAT
IDEAL GAS CONSTANT VCL SPECIFIC HEAT
SONIC VELOCITY '
PARTIAL OF PRESSURE W/R TC CENSITY
IDEAL GAS INTERNAL ENERGY AT 100#K
VARTABLE FOR BEATTIE BRIDGEMAN EQ
PATIO .OF SPECIFIC HEATS
ENTHALPY
HOLLFRITH LABEL
HOLLERITH LABEL
HOLLERITH LABFL
IDEAL GAS ENTHALPY AT 100%K
HOLLERITH LABEL
TEMPORARY VARIABLE
FLAG
FLAG :
TEMPORARY VARIABLE
TEMPORARY VARTIABLE
INDEXING VARIABLE

FIGURE 1-3 (Cont.)
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VARIABLE

NAME
p.
PCP
PLRTT
1
PRESS

- Nat-1

PSAT
Pl
P2

R

PHNO

<
4Tl
SAT2
SNOT
:
TAN
TCRIT
TEMD
™A
10
T3

U

v

V1

V2
WM

CVINT
INT
T3

T4

TS

LOW PRESSURE APS DESIGN AND SIZING WC E0338

TYPE ROUTINE

PR OHNH
PRPHOH
PRPHNH
PRPHOH
PRPHNH
PRPHOH
PROHAH
PRPHOH
PRPHOH
PROHOH
PRPHOH
PRPHOH

DWVWHO DV OADRTD-

PRPHMH
PRPHNH
PRPHNH
DROHNH
PROMOH
PRPHOH
PRPHOH
BRPHOH
PRPHOH
PRPHAH
PROHIH
PRPHOH
PRPHNH
PRPHOH
PROHNH
PRPHOH

‘XJ‘DIJTUIJ’D‘DD)DDDD‘D.‘D'D“U

CVINT
"CVINT
CVINT
CVINT
CVINT

e B o B » B s v

1 JUNE 1971
COMPUTER PROGRAM yoLumE N
UNITS DESCRIPTICN
NAME OF GAS REING CONSIDEREC
ATM PRESSURE ‘ ,
ATU/LR-%R PRESS CONTRIBUTICN TO SPECIFIC HEAT -
LBR/IN®%2 CRITICAL PRESSURE
TEMPORARY VARIABLE
LB/IN%%2 PRESSURE NF GAS
C OMMON LABEL
LR/IN*%2 SATURATION PRESSURE CF GAS
TEMPORARY PRESSURE VARTAEBLE
TEMPORARY PRESSURE VARIABLE
UNTVERSAL GAS CONSTANT
EXTERNAL DENSITY
LRM/IN#**3
INTERNAL
LRM/FTE®3
BT /LR=%R ENTROPY .
CNONSTANT TO CALCULATE PSAT
CONSTYANT TC CALCULATE PSAT
RTU/LR-%*R INEAL GAS ENTROPY AT 100*K
*K TEMPERATURE
TEMPORARY VARTABLE
*R CRITICAL TEMPEFRATURE
*P TEMPERATURE
TEMPORARY VARIABLE
*p RASE TEMPERATURE
xR AR TEMPERATURE®%3
ATU/LRM INTERPNAL ENERGY

LITER/GP=MOL SPECIFIC VCLUME OF GAS
TEMPORARY VARTABLE
TEMPNRARY VARIABLE

RO /GR=MNLF  MOLECULAR WEIGHT

TEMPORARY VARTABLE
TEMPRARY VARIABLE
TEMPORARY VARTABLE
TEMPORARY VARTABLE
TEMPNRARY VAQTARLE

FIGURE 1-3 {Cont.)
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LOW PRESSURE APS DESIGN AND SIZING MDC E0398

1 JUNE 1971

COMPUTER PROGRAM : VOLUME Il

1.2 Program Subroutines - The program calls the following library subroutines:

(1) ALOG1O
(2) ALOG
(3) EXP
(4) SQRT
Characteristics
NAME CALLING SEQUENCE
LSC Main Program
ENGISP CALL ENGISP
ENGINE " CALL ENGINE
XLINE CALL XLINE
VALVE CALL VALVE
INTERP CALL INTERP (N, NQ, N1,
X, Y)
MIXER CALL MIXER
PASHEX CALL PASHEX
PROPEL CALL PROPEL

of the program subroutines are as follows:

USE

Controls input and output, executive
routine, chamber pressure optimization
sequence and adjusts propellant weights.
Calculates engine performance as a
function of thrust, pressure, inlet
temperatures, mixture ratio and expan-
sion ratio.

Calculates engine weight as a function
of thrust, pressure, and expansibn'ratio.
Calculates propellant distribution line
weight as a function of line leﬁgth,
flow rates and allowable pressure budget.
Calculates valve weights for known flow
rates.

Provides curve fit (least square or
Lagrange) of feed weight as a function
of chamber pressure.

Calculates mixer weight as function of
flow rates and maximum line size.
Calculates passive heat exchanger weight

as a function of design characteristics.

Calculates total APS propellant require-
ments based on total impulse and engine

specific impulse.

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST
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NAME

TANK

HSAT
OSAT

PRESYS

PROFH2
_HINT
SINT

FUNCT

DFDR

DFDT

PROFOZ

LOW PRESSURE APS DESIGN AND SIZING MDC E0338

1 JUNE 1971 -

COMPUTER PROGRAM ‘ VOLUME It

CALLING SEQUENCE

CALL TANK

CALL HSAT (P, T)
CALL OSAT (P, T)

CALL PRESYS (POZ, PHZ,

T W, )

5T, s W
H2 02 Hz 02

CALL PROFH2 (T, P,
RHO, H, S)

HINT (RHO, T)

SINT (RHO, T)

FUNCT (P, T, RHO)

'DFDR (P, T, RHO)

DFDT (P, T, RHO)

CALL PROFO2 (T, P, RHO,

_H, 8)

H

USE

Calculates propellant storage require-
ments and weilghts based on propellant
weight and tank pressure.

Calculates hydrogen saturation temper-
ature as a functionlof pressure.
Calculates oxygen saturation tempera-=
ture as a functiom of pressure.
Calculates pressurization subassembly
weight as a funcfion of pressure, tem-

perature, and propellant weight.

Calculates thermodynamic properties of
hydrogen below 540°R using modified
Benedict-Wehb-Rubin equation.

A PVT integration subprogram which cal-
culates hydrogen and oxygen liquid
enthalpy.l

A PVT integration subprogram which cal-
culates hydrogen and oxygen liquid
entropy.

A funcfion subprogram which calculates
error in p)actual and p)calc; for itera-
fion procedure, - -
[-p + p cale. (T, RHO) ]

A function subprogram which caleulates

o
[(Eg)T] for gases.
A function subprogram which calculates
3 ‘
[(Sgﬁvl for gases.
Calculates thermodynamic properties of
oxygen below 540°F using modified

Benedict~Webb-Rubin equations.

' MCDONNELL DOUGLAS ASTRONAUTICS COMPANY = EAST



NAME
PRPHOH

CVINT

LOW PRESSURE APS DESIGN AND SIZING MDC E0358

COMPUTER PROGRAM s

CALLING SEQUENCE USE
caLL (T, P, RHO, H, S, U) Calculates thermodynamic properties of

water, hydrogen, oxygen, and helium
above 5340°R using Beattie‘Bridgeman
equation. ‘

CVINT (P, T, RHO) A PVT integration subprogram which cal-
culates heat capacity at constant

volume (Cv).

1.3 Flow Charts - Detailed flow charts of the complete program were obtained

using the McDonnell Automation Company computer program called "AUTOFLOW." The

AUTOFLOW program 1is leased by the McDonnell Automation Company from Applied Data

Research, Inc.

The flow charts are enclosed in Appendix A of this volume. In

addition to the flow charts, the AUTOFLOW program provides a table of contents and

references to facilitate finding statement numbers, etc. in the flow chart. Fol-

lowing each specific flow chart, a list of nonprocedural statements is given;

1.4 Deck Setup
1.4.1 Computer Configuration/Requirements

1.
2.

3.
L

5.
6.

The program is operational on the CDC 6600.

The program requires 467008 core locations to lead and 404008
core locations to run, _

The program is written in FORTRAN IV.

The program operates under the MACE operating system and was
compiled under the SCOPE 3.2 compiler.

No plots or punch are generated by the program.

The only tapes used are TAPE 5 for input and TAPE 6 for output.

1.4.2 Restart Procedure - There is no restart procedure in the program but

multiple cases can be run without requiring a full set of imput data.

1.4.3 Deck Sequence - The sequence for rumning this program is as follows:

Control cards

" End of record card

Program
End of record card
First case data

Second case data, etc.

"End of file card

1-24
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- 2 : | LOW PRESSURE APS DESIGN AND SIZING MDC E0338
S

COMPUTER PROGRAM R

The sequence is illustrated by the following listing (Figure 1-4) showing control
cards and the iuput data for two cases, the first case being an orbiter APS and
the second a booster APS.

‘1.4.4 Input Data - The input to the low pressure design and sizing prbgram is
by ﬁse of the NAMELIST option of FORTRAN IV with the exception of the last card.
Three NAMELISTS are used, these being:

" LINE -~ distribution line assembly array which describes line length,
' number of engines firing per line, and number of lines.

VALVE -- valve subassembly array which describes number of engines firing

per valve and number of valves.

LOWPC -- describes auxiliary propulsion subsystem being investigated.

NAMELIST input is as follows: |

1. Use columns 2-80.
2., First card must start with a § sign followed by the NAMELIST name,
i.e., 3LINE, etc.
3. Last card for each NAMELIST must be S$END.
The last input card contains the value of IND. Input format is IS\(Column 3 of
card) where if:
IND = 0 complete subsysfem weights are printed including component weights.
IND = 1 suppressed printout of total subsystem weight only.

A detailed description of the three NAMELIST's follows. It should be noted,
the order of variables within a NAMELIST does not matter, but the NAMELIST's them-
selves must follow the above order.

1.4.4.1 LINE NAMELIST - The LINE NAMELIST describes the propellant distribu-

tion assembly located forward and aft of the main engine tanks. Oxygen and hydro-
gen distributirn networks are assumed to be parallel. TForward and aft distribution
subassemblies may consist of five line segments each. For each of the five line
segments, the segment length, maximum number of engines firing per segment, and
quantity .(numbir) of segments are given im a 10 x 3 array named LFN (I, J). The
first five lincs of this array describe the distribution subassembly‘(either aft or
forward) with rhe largest total line length. This maximum overall length 1s defined
as LMAX(1)., The second five lines in the LFN array describe the remaining subassem-
‘bly. This subi:ssembly overall line length is defined as.LMAX(Z). If five line
lengths are not required per subassembly, the number of engines firing LFN (I, 2)

1-25
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LOW PRESSURE APS DESIGN AND SIZING MDC Eﬂ.";&;l;
COMPUTER PROGRAM }dgfﬁﬁs |

. FTSTIRG CF THS1 CASL TAPHIT
]??4557?§0!?3G”67ﬂ”0i2«ﬁ5673%3I23¢5b7490]?J%&b?JQU1234567“”D]2365673901?345&7ﬁ@0

1S5COLy O, 100, 00000, fTRRUNS

ACC . E4. 124145057 ) AERRBIINS cegznal SeGU2002
a2 IeAl Q4 ) : '

FUNICL S gy g r e s 40000

HAP .
1AL SLySCeLTAE
EXECLUTE .
ERDOF PECGRD QORBITER CASE
£ 1M L MAX=] 54,00, lFN:lzﬁyl?.ﬂ.12-5,1-5|7.5|35vﬁ'8v3v0|lUrﬁ'513|lvfs3r3olvl|
U el s 89 Cae2yiylbe) SEND
CVALVE FM~iCeny8 T ynsdad93a7 0022 0090404040 42¢3¢6412 TENC

Rl 2a0C F=100U,1NET=E1.INFF=10.1ETI=3UUUDOO.TGASH2=lSO.TGASﬂ2=200|XHR=3|EPS=Sr
TTN1X=ZCD.p1H:ZG|Pﬂpﬁﬂ=ﬁﬁwPTG?2Do”APSC=35.ﬂELPH=14|PﬂIHJ=2vN?RTPC=1vPLUﬂD=17c
TURWH=.2“U.THHUW=.33&;TU€SPH=IO|TUHSPC=4.TUPLGH:IB.TUFQGU=17.5.XNTURP=¢2-
XMTU e 166 XuGPH=4 , XNCPC=2 (WORCNH= .5  WPRCKNG= o T34 TIPRON= 1, RITO=1, WRKE=0y

CWRO2=22CC, 1LV =0 HEAND
C

sLINE tEND

b VAL VF FEND

SLOWPC F250Cy 106G, 2000,3000 XNFT=33,33,33,33,XNEF=10,10410, 10, NPRTPC=0 $ END
1 .

L TNE $END

$VALVE  $FND :
$LUWOE F=1000,0¢0,0¢XNET=33,0,0,0,XNEF=10,0+040,TOTI=24F6424E69%.E6,5.F€ SEND

1

L INE +END

L VALVE $END

$LUHPC'TGTI=JUOOOOC|OQO|OUXHR=1|2:3'415 $EMND

1

SLINF $END

VAL VE $END

$LOWPL XV¥R=34C,04¢0904EPSS2 241648410 $END
1 T

&L INF $FRD

S VALVE £END

$1NWPL EPS=B'0|OIOIUEPTH=1SQPAPSH=35|pTc=20|PApSO=3S $ENE
1 .

¢t INE $END

t VAL VE £ ND

$L0OWPC PTH=30,PAPSH=50,PTC=20,PAF5(C=35 $ENC
1

$LINF $FND

$ VAL VE $END :

SLOWPC PTH=204+PAPSH=4Q,PTC=15,PAPSC=30 $CNC
i

$L INE +END

£ VAL VE SEMD

SLOHPC PYHSZ0, PAPSH=40 ,PTC=30,PAFSC=45 $ENC
1

BOOSTER CASE

L INE L“Ax:TU-“l:LFN=55'?vq’3v0'10g61?5|0'0'4|2'1y1'1:61lnlylu11.5;2t4|8|C'

QeHe12:0C,C §END

BVALVE FHRzIU 5 8740 ,9 44434201 40404040,2,0,0,0,11410 SENC

$LONPC EmpnOG, ANET=20 g XNEF =6 ¢TOTT= L, TGASH2Z=190,THAS02=620,XMR=2,CPS=2,PTH=17.5,

PAPSH=2“.PT“?17.S.Pﬂpﬁﬁ=26'TTWAX¥3F5'DELPM=11|PAINJ=2.NPRTPC=1.PLDAE:I?,

TU?BH=U|lLFDﬂﬂﬂyTUQSPJ:O,TLFSPE=J.TUHLGH=Q.TUCLGU=O|KNTUEF=0.XNTUHU=C,

KNOIPH= 0y £ 0020, W RC N 120y wPRORC=0, TIPREAZ0,RITN=0  wflF2=0yWit02=Cy TENC=C $£END
ERDY F F1LE

FIGURE 1-4
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COMPUTER PROGRAM Lol

| g\ - LOW PRESSURE APS DESIGN AND SIZING MDC E3S8
should not be set equal to zero as this will result in a fatal error in the XLINE
subroutine (logarithm of zero). Line weights are correctly calculared as zero by
inputting line length (LFN (I, 1)) and number of lines (LFN (I, 3)) equal to zero.
Figure 1-5 tabulates the LINE NAMELIST variables.

1.4.4.2 VALVE NAMELIST - The VALVE NAMELIST describes the valve size and

number required in the propellant distribution assembly. The size of the valve.is
based on the maximum propellant flow through the valve as determined by the number
of engines firing. Thus, the number of engines firing and the quantity (number)
of this size valve required are given in a 10 x 2 array named FN(I, J). Figure 1-6
tabulates the VALVE NAMELIST variables. |

1.4.4.3 LOWPC NAMELIST - The LOWPC NAMELIST describes the auxiliary propul-

sion subsystem design variables. Included in the NAMELIST are:

(1) thrﬁst level, impulse and number of engines required for a specific space
shuttle mission

(2) engine design parameters such as inlet temperatures, mixture ratio, and
expansion ratio

(3) distribution: assembly design parameters such as main engine tank pres-
sures and temperatures, allowable pressure drop, and engine valve and
injector pressure drop.

(4) theat exchangerrdesign parameters such as tube length, diameter, spacing
and number and

(5) propellant tank parameters such as available propellant residuals from
the main engine tanks and design pressures.

Figure 1-7 tabulates the LOWPC NAMELIST variables. )
1.4.5 TRestrictions and Limitations - A maximum of ten data inputs can be
made for each of the variables F, ¥NET, XNEF, TOTI, TGASH2, TGASO2, XMR, EPS, PTO,
PAPSO, PTH, PAPSH, and TTMAX. The actual number of inputs may vary but the number

must be identical for the following variable sets:
(1) thrust level (F), total number of engines {(XNET) and number of engines
firing (XNEF)
(2) hydrogen main engine tank pressure (PTH) and oxygen main engine tank
pressure (PTO)
(3) hydrogen APS tank pressure (PAPSH) and oxygen APS tank pressure (PAPSO)
(4) hyd;ogen inlet temperature (TGASH2), oxygen inlet temperature (TGAS02),

and maximum main engine tank temperature (TTMAX).

1-27
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VARIABLE

LMAX (1)
LMAX(2)

LFN(T,1)

LFN(I,2)

LFN(1,3)

VARIABLE

FN(I,1)

FN(I,2)

UNITS

ft

ft

ft

LOW PRESSURE APS DESIGN AND SIZING MDC EQ398

COMPUTER PROGRAM © LJUNE197L

NO OF
VALUES REQ'D

.

VOLUME I

DESCRIPTION

Total distribution line length,
maximum value of aft .or forward
1ines from main tanks to engines

Total distribution 1ine length
for remainder of feed system
(forward or aft)

10 Length of distribution lines,
first five values correspond to
LMAX(1) and second five values
to LMAX(2)

10 Number of engines that can be
fired simultaneously on each
individual line segment LFN(I,1)

10 Number of lines of type and
length LFN(I,1)

LINE NAMELIST VARIABLES FIGURE 1-5
NO OF

VALUES REQ'D

DESCRIPTION

1-28

10 Number of engines firing which
dictates flow rate through valve
10 Number of valves of each type
described by FN{I,1)
VALVE NAMELIST VARTABLES FIGURE 1-6
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VARIABLE . UNITS

F 1bf

XNET -

XNEF -

TOTE 1bf-sec

TGASH2 °R

TGASD2 °R

YMR -

£95S -

PTO 1bf/1n2A

PAPSO b /in%A

PTH TbF/inA
.

PAPSH 1bF/inA

WRH2 Tbm

WRO?Z Thm

DELPM bf /4 n2A

PAINJ 6§ /inA

NPRTPC --

LOW PRESSURE APS DESIGN AND SIZING - NMDCE0338

COMPUTER PROGRAM L e

LOWPC NAMELIST VARIABLES

NO. OF
VALUES DESCRIPTION
1 to 10 Thrust level per engine
1 to 10 Number of engines in auxiliary propulsion
subsystem (APS}
1 to 10 Maximum number of engines that can be fired
simultaneously
1 to 10 Total impulse of APS
1 to 10 Hydrogen temperature at engine inlet
1 to 10 Oxygen temperature at engine inlet
1 to 10 Engine mixture ratio
1 to 10 Nozzle expansion ratio
1 to 10 Minimum value of oxygen main engine tank
pressure
1 to 10 Maximum value of oxygen APS propellant
storage pressure
1 to 10 Minimum value of hydrogen main engine tank
pressure
1 to 10 Maximum value of hydrogen APS propeliant
storage pressure
1 Weight of main engine tank hydrogen residuals
- available for APS usage
1 Weight of main‘engine tank oxygen residuals
available for APS usage
1 Pressure drop available from main engine tank
to engines
T Pressure drop across engine va]ﬁe and injector
1 Index which controls print-out of chamber

pressure optimization, if 0 - no print-out

199 FIGURE 1-7
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L BARIABLE UNITS

I!LOAD
.TMAX
.PRCNH_
Prrcro
{lIPRCN |
IUBDH
izrano )
- WUBSPH
| .uaspo |

- TUBLGH

!UBLGO :

INTUBH n
'INTUBAO

Q:OPH
PO
'ITO

1bf/1n%A

°R

fns
ins
ins
ins

ft

ft

LOW PRESSURE APS DESIGN AND SIZING MDC E03%8

COMPUTER PROGRAM _ 1 JUNE 1971

VOLUME Ii

LOWPC NAMELIST VARIABLES

NO. OF
YALUES

1 to 10

{Continued)

DESCRIPTION

of Pc optimization, 1 - print-out of P,
optimization

Loading pressure of APS propellant storage
tanks

Maximum temperature of propellant during
major APS burn

Percent of hydrogen 1liquid flow rate being
conditioned in passive heat exchanger

Percent of oxygen liquid flow rate being
conditioned in passive heat exchanger

Index percent of total impulse being con-
ditioned, if 0-no thermal cond1t1on1ng
required

Tube diameter of hydrogen heat exchanger
Tube diameter of oxygen heat exchanger
Tube spacing of hydrogen heat exchanger

Tube spacing of oxygen heat exchanger

Tube length per panel of hydrogen heat
exchanger

Tube Tength per panel of oxygen heat exchanger

Number of tubes per panel for hydrogen heat
exchanger

~

Number of tubes per panel for oxygen heat
exchanger

Number of panels in hydrogen heat exchanger
Number of panels in oxygen heat exchanger

Ratfo of makeup flow from APS storage tanks
to engine flow

FIGURE 1-7 Cont.
1-30
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LOWPC NAMELIST VARIABLES
{(Continued)

: NO. OF
VARIABLE UNITS - VALUES DESCRIPTION
TEND -- n " Case change indicator, i.e. if O-change

value of data parameters

if 1-start complete new case and read in
dimensional variables that have no assumed
values.

FIGURE 1-7 Cont.
1-31
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¢

In addition, the total number of cases per run cannot exceed 60 as defined by:

Nyg) ) (N, ) @) (N, ) () ()< 60

T APS
where NMR = number of mixture ratio data points
NE = number of exﬁansion ratio data points
NPT = number of main engine tank pressure data points
NF = number of thrust level data points
NP = number of APS storage tank pressure data points
APS A
NT = number of engine inlet temperature data points
'NI = number of total impulse data points

Sixty cases was selected as a maximum to maintain core storage requirements at a
reasonable size and thus reduce run cost and turn-around time. Multiple runs may
be accomplished by simply placing another set of data after the previous set or rum.

| Diagnostic messages are contained in the program concerning the engine chamber
pressure optimization scheme and the gas properties subroutines, In the main pro-
gram, three messages may be printed concerning selection of the optimum engine

chamber pressure. These messages and suggestions for correction are listed below:.

MESSAGE CORRECTION t
IDEAL PC ABOVE RANGE Indicates optimum chamber pressure is

. above range of chamber pressures eval-
uated in iteration scheme. Correction
is to decrease the value of the maximum
allowable line pressure drop (DELPM)
thereby evaluating higher chamber
pressures.

IDEAL PC BELOW RANGE Indicates .optimum chamber pressure is
below range of chamber pressures eval-
uated in iteration scheme. Correction
is to increase the value of the maximum
allowable line pressure drop (DELPM)
thereby evaluating lower chamber pres-

gures.

i 1-32
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Mk SSAGE CORRECTION
NO MINIMUM FOR PC : No optimum exists because of linear

curve fit of feed component welght
versus chamber pressure.

Subroutines (PROFH2, PROFO2, PRPHOH) contain the message "eUBROUTINE DID NOT
CONVERGE." This message is printed whenever a problem occurs in solving the low
temperature equation of state. The case is not terminated by this error. The
error occurs when a zero or negative value of pressure, temperature, OT density
has been input to the subroutine. Subroutine PRPHOH (gas properties above 540°R)
also contains the message 'PROPERTIES ARE IN LIQUID REGION AT TEMP = XXX" which is
self-explanatory. . .

1.4.6 Output - Output consists of the input data contained in NAMELIST's LINE,
VALVE, and LOWPC and computed values of subsystem and component weights. If‘the
input variable NPRTPC equals one (1), the chamber pressure/feed system optimization

.is printed for all ten (10) chamber pressures evaluated as well as for the optimum
pressure. If a blank card (IND = 0) follows the input NAMELISTS of LINE, VALVE,

- and LOWPC, the printed output consists of total subsystem welghts, and engine, line/
valve, mixer, propellant, propellant storage tanks, pressurization, and passive con-
ditioning weights. If IND equal 1, only the subsystem weights are printed For all
computed output data, the parameter and units are defined in the printout. An
example is given in Fipgure 1-8 for a complete output (NPRTPC = 1, IND = 0). For a
suppressed output (NPRTPC = 0, IND = 1) only page 6 of Figure 1-8 would be printed.
This output corresponds to the sample case discussed in Section 4.0 of Volume I.
Only the output for the design case is included here, sensitivity case output is

omitted to redure volume size.

1-33
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CALLEL FRCK LSL

$LINE

SAMPLE OUTPUT— ORBITER APS

LMAX = 0,15RE+NhI, D.9Se+le,

LFR = D.l2uic#0ay Gedebb+02, O.1258¢5&, 0.15E+01, C.7SE+L1,
L. 16432, Ce6i+33, O0.6c+31, ©L.3E401, 8,1ev0iy U.EE+l1,
0.2E+01s Lo1E+01, D.2c¢01, G.eE+01, D.EE400, 0.3E+01,

$EMD

SWALVE

FN = 0.16+462, 4.9E+31, O0.6E+C1, O.iev0l, D.€E+01, ©L.6E+01,
0.0, 3.0, B.L, (a9, Ju0, GCe2e+01y deZcv0i, T.€E+ld,

$EXD

TCC FEW CONSTARTS FLk LNSLESCRIFTEC PRRAY

ERFOF WLFBEK 084S CETECTEL EY IRFLIN BT ALLREST DIZ74E

CALLEL FROF LSC AT u0Da7e

TOC FEW CCASTARNTS FCR LNSLESCRIFTEL ARRAY

EREOR NLFBEK  00«S DETECTEL EY IMPLIN AT AECRERE J3:74€

CALLED FRCH LSL AT 0GO372

TCC FEW CCASTANTS FOR UNSLESCRIFIEL ARRAY

ERFGE NLFOER D34S CETECTEL EY INFLTN AT ALLKEXE O3ziué

CALLEL FROFP LSC A7 Q0T - -

10C FEW CCRSTANTS FULR LNSUESCRIFIEL ARARY

ERROK NUFBER  J38% CETECTLL EY INFLIN AT ACLIRESS 02746

CALLEEL FECK LSC AT [00i7E .

TGC FEW CGMETANIS FUP LASLASCRIPTEL ARAAY

ERFOR MLFBER  +0&% CITECTEL €v IMFLIN AT ALLWESS Q3c7HE

CALLEL FRCEF L5C AT (00372

1CC FEm COUMSTAMNT> FGR LNSLESCRIFTEL AWRAY

ERFCA MLFBER  G0uG LETELTEL €Y INFLIN BT ALLRESE 032746

CALLED F&EOF L5C AT GGO3TE

TCL FEW LCMSTAMTS FGF LASLELCRIPTEL BRRAY

ERFOR KLFEER  D7w% DELTECTEL Ev INFLIN BT ALLRESS DIZ74E

B1 OLCETE

PAGE 1

0.356402, Oa.4bk+61, 90.86+01, O0.3E+0%, 0.0,

DecEtGly DGedé+il, O0.1E401, O.1E401, 0.0,
0.6E+ul, O0.15e+02, Culy

PAGE 2

Oatictily
Da13E+UR s

0.3E401, 0.2E+01, O0.31E+04, U.2e+01,

WVYD04d S3LNANOD
ONIZIS NV NISI0 SdV ¥NSSIYd MO

11 INAT0A
16T INNT T
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PAGE 3

FLIREC

F = Eale+Da, Daidy Laly €oly ey LoDy 0.0y Laly Taly Da0y
INET c G,23E«3Zy 0,03 Jeln (.0, UaGy GCely DOsds .0y L0y Lo0y
XhEF = G.iE+72, a0y [afy Loty ¢.ly, L(s0y 0.0, f.Cy Laby 0.0,
YCT1 = LTE#0?, CuDy el Gl 0.0, .0, BaCy Lol 0.0y 0.0y

TLASFE = G.1Bc+dZ, 0.0y .0, E.0y BOafs wely 'G.0y CaBy Cals Galy

TUESEZ = Ge2E+dss. Ga0, Lely Cely Toibs Gobs TeBy LaGy Geby Ds0y
(ME = DesEsdls 003y (aTy Doy Laly ©aBp 3eCy Laly €o0y D40y
153 o D.BEsnL, Cafy LDy 0.0y Lals Du0y 0.0y Lols GaLy €0y
FTC = QegE+d2, Dads GaOy 0sd 8.0, Caly Dafs CLa0y 0oCy B0y

FaFsc = [.E5E+3E, Labsy DGy GaD» BoCy 0aCyp Dely 0aDy €.y 0.0,
PIr = D.ZEe)ey Ga0y Lals Qalo p.G, G.0, 9.0, €0y GC.Ty 0.0,
FREst = G.kc#d2, C.0y Loty 0a0 Doy Eefy 0.65 Caly Tl 9.0,
wRE2 = 1.6,

wRCZ = 0,22E+Ja,

DELFF = Qoluz+le,

FAINY z Q.20+,

MPRTFC = 14 ,

FLLAD = Q. 17E¢%¢,

TTHAX = B.rEe3, L.oha Ualn G L f40, €40, Q.ty Caofy Caly 0.0y

WEREML = D.7iE+dT,

RERCAE = CGa5t+d7,

AVNOO0Hd ¥3LNWOD
ONIZIS ONV NDIS3Q Sd¥ J¥NSSIUd Mot

11 3WNT0A
(et INNT T
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wod g-1L UNOI4

ONO0a TTINNOIW

TiFRCM
TUED*

TLELC

1uESFr
TLESFC
TUELGr
TUELEGC
XNTUEF
XFTUEC
AhCFH

 ¥noBC

RITU
IEMD

SEMD

I}
3

ValE*2L,
GucCREP LD,
Co3CUE+LL y
Jele+92,
G.LE+TL,
GelSceDi,
0.175c¢+0e,
CoBEE+DE,
DviSac+ 03,
TabkE+DLl,y

D.2E+0L,-

0.1E+01,

0y

Luk FRESSLRE AFS SYNMTPES1S FROGRA¥

’

PERCEMT OF FLOW CCRLITICMEC 1§ 1.0CCD
FATIC OF IKRFLOCW TC EMCLME FLCM IS 1.00C

PERCENT OF HYCRCEEN FLOGw CORGITICAMEL IS . oEGO
PERCEMNT OF GXYGEM FLCw CCMUITICMELD 15 730

PAGE 3

PAGE &

, NYHO0Ud HI1NdWOD
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ASWE = AMVINNOD SLNVMONMASY sSY T19noa TIINNOOIW

PACE § .

CRretEI O UERETIL. . TLDINT I Jikn WL {RTE ' VALMVE WEIGHF1S ‘ TCVAL WEIGHT - ECCST TANKE PRESSLRES
FE1P LEF LEP Lck LbF LEF . LEPF F514 F351A
5,38 G5EB.ob - EE1.ST 2zE.%0 173,44 161,63 526212 20.00 20.00
6.76 3637.04 tE1.%6 226 .25 177,27 165.13 WEHS. Ok 20.00  20.0¢
Ba1u 3IBT.T72 cEf.cl E2Eall 1E1.ED 162.[E LE3L.68 20.50 21.00
9,62 INuBLET cl1e38 z2C.77 1BE BT 173,57 I¢1i.26 20,00 20.00
10.<0 278547 $7€.55 235.12 162,59 186,22 3674.95 20,610 20.00
12.28 2EeLL ke 255.56 Z6EL T4 Z0z.50 188,52 3€37.62 20.90 20.0¢
13466 RETIRY 106,10 27€.88 i14.97 200,13 361826 26,00 20.00
1504 PAICHT: izb.37 SUELE2 ik .25 18,47 3267.50 26,00 20.00
16.42 16313 3eE. 3 354, €7 270,56 52,25 IINT: 26,60 20,00
17.80 2063.1¢ Eila1d 760421 Pprare: 12,56 4502, 67 20.00 20.00
CETIPUF €REFELN PROSSUFE WALLES FCA PRs 1.06 BNL EFS= 8.0F :
14,29 PRTIT 21€.02 298,28 izz.58 £07.:2 3:53.:5 20,00 20,00
PAGE 6
-
'LH:HL LCh FRESSURE SYSYEP WELGHTS, FE £0CST TARK FRESSLRE = 2C.C0 G2 ECCST TAmEK PRESSLRE= £0.00
ql‘ﬁ LRE P FRESSLKE ThELET hOo ERG (1) TARR CRAMLEFR 1ME LIAMETERS FLED TCTAL 1nF CEF 10TAL
KRTIGC AFS THNK 1T FIRE CEESICGN FRESSLRE he Le WEIGHT IMFLLSE WEIGHT HEIGHT
b2 oc2
FLIA +51A Lef LEL F F314A INCHRES INCRES - LoM LE~SEL LER LBM
3.0 8.0 5.0 35.°1 l-C‘Jl,.[C 2 14 cib.l2 | lhaz® B.74 e 4 3830434 3.,00L+06 774B.78 11579.1:2
PAGE 7
M EMGIRE RELGRTS
g- HE BHEA THERLST MUMEER . ChAMEER ECLET TAMK FRESSURE ENGINE FMEUMATIC
o RATLO _ ENLINES FRESSURE hé oz WEIGHT WELGHT
m .
— LES Psis F51a FS1A LES LES
J
[+4] -
AR 8 100¢, 09 33 14,29 Zu.0 0.0 2352.05  181.50
a
-~

NYYO0ud HILN4NO0D
HNIZIS ONV NDIS3A SdV J8NSSIUd KO

11 INNTI0A
161 3NAM T
26£03 D0
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‘Wwo3 8-l WNOld

LIME WALVES

LINE LENETH

FR KRER
KATIO
2.00 E.00
PIMER REIEY
FR ARER
RPATIC
3.C0 £,00

FRCPELLAMT WEICRTS

MR

3.00

G.09
FRESSLERE LTy TAMK
dLOST. TAAN LESIGH
L s e :
P51k FLI6 CEC R
24.0¢C £1.0¢C z06C.0C
FRESSURE (T} ThME
9COST TAMK CEz1GM
ke [
PLIA  FSolA CEL R
21.00 g7.0¢0 ¢0C.3C
AREDR (T)TAKK
L4 Lz
LEG F DEC k
8.00 150.418 200,00

THRLYY

LEF

1uoe.Lo

TnkLET

LEF

1L00.00

TCTAL
IMFLLSE
LE-SEC

2.0GE+CE

PAGE 8
NC. ENG  CHAFEER LINE LIAPELTERS Line REIGhTS VALVE WEIGFTS
FIRE TC7  FRESSLRE vz o2 . he oz h2 cz
FslA INCHEE LEF ' Lew
in 32 L B.736 €.c39 316,02 £95,38  .222.58 207,22
PAGE 9
NCe EMC  .LFAFEEF LINE C1APETER MLXER ASSY WEICHTS
FIRE TCT  FRESSLKE H2 02 % t2
ST INGHES LEM
10 22 1, g€ 8.739 - 8.239 123,83 121.79
PAGE 10
FRCFELLANT WELGHTS ENGISF SYSHR EFR s15f
ki CE TCTAL
LEr
ZiLE.SS 3t2e. 8y £07 3,82 372.5€ 3.00 0.00000 372.5¢

KVYS0Yd ¥3LNdNOD
ONIZIS ONY N9IS3Q SV 3UNSSIUd MO

11 JWNT0A

161 3INAMY
86£03 JOW



ABVEN = ANUSNGD SOLLNVNDNLEY ST IDI0a TIBNNOCTIW

o) g-1 JANOIA

SFS FROFELLAMT TANK REIGHMT:

ke PRE FRESSUNE
FATIC AFS  1AKKS

: Ps 1k FElf

2,10 .0 43,00 5. L0

FRESSLRIZATICN SysTer wEICH]

BR  AREA FRESSURE
RATIO AFS LAMKS

Fula  PElS
3.00  E.00 P ot o 00
K2 IFPULSE TENK  HRES
TCTAL 2 e

LE-2l FSIE-
3.0 3.006406.  ubad I5.1

PAGE 11
{1) Thakg TCT8L TANK REIGHTS
4 Le 1EtLLSE Fe C2
Lel R LEC R LES-SEC Las LES
160,10 cLO.9D J.RCE+DE £9¢. 210 187 .40
PAGE 12
(T} TANR TCTAL PRCFELLANT WEIGHTS PRESSURIZATICh WEIGHT
+é e IFFLLEE H2 Ce r2 Ge
Cetb R LEG F LE-SEC LEM LEN
150490 £0L.0D J.LLE+0E E14B.5% 392E.80 8l.80 11,493
PAGE 13
PASSIVE CCMCITICNING SYSTLH
SURFACE REAT EXCRAMCERE Ch MAILH chG1NE TAKES
FEx  TLEES HEX LchGir FEx FAMELS FANEL ARES nEX hEl§h1
3 e 3 Ce - e [ he 02 he c2
nrBLE FEET hLFBER 36 T . LES
€z 154 15,C 17.5 i 2 3100 a7er 33¢ LEl

Il IWNT0A

_ NYHO0¥d YILNLNOD
ONIZIS ONV NOIS3Q SdY JUNSSI¥L MO

161 INRT 1
6£03 JON
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2.0 LISTING

2,1 Program Listing - Appendix B herein contains a complete listing of the
program, including all of its subroutines. The listing was obtained using a
McDonnell Automation Company computer program called "DISSECT." 1In addition to the
listing, the DISSECT program gives;each statement a number, lists all variableg in
alphabetical order, traces all references to each variable, identifies the type of
each reference, and indicates whether or not a particular type of reference appears.
Statement nﬁmbers are listed separately in a similar manner. A1l functions and
subroutines referenced are listed alphabetically under appropriate headings. All
routines listed and all routines referenced are tabulated separately. Cross

references and common information are listed and the page where each routine appears

is indicated.

2-1
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MDC E0398
L OW PRESSURE APS DESIGN AND SIZING 1 JUNE 1971

' COMPUTER PROGRAM ' VOLUME I

0%/1841) . TaBLE OF CONTENTS AMD REFEREWCE: AUTOFLDY LHARY SET - PAGE i
Cinp 10 DAGEIUUI. MAME REFERENCES (SOURCE SEQUENCE ND. AWD PAGE/BOTF

FORTAdY MODULE
LHART TITLE - INTROQUCIQRY COMMENTS

CHARY TITLE - PROCEDURES

L§C 250 2.01 100 LSC 3270 .17 LS50 4i%0 9.12
LSC 284 2,02 LSC 350 2.0%

LS$C  asn 2.44 110

L s 2.408. 20 LSC 3260 8.1l L5C 4040 9.12
LSC &40 Z.12 130

LSL a0 -12 LS &40 2.13

LSC 450 2.1% LSC  4T0 2.18

LSE aTo 2.1 180

LSC  &YC .16 LSL 470 2.17
LS a%0 2420 ‘LSC 310 Zal2b
130 %00 .0 LiC 510 2.23

L6 slo 2.22 1%0

LSC 330 .28 LSC s10  3.07
LSt sea 2.30 - LSC 55D 2.28
186 T4 2.2 LSC 860  2.30
LSO 380 Z.3s LSC sT0 .32
Lsc s9a sl LSC 580 234
Lsc son 3.2 LS Se0 301

‘LSC 810 3.0% 18D

LSC 610 3.0% LSC 600 3.023

L5E  shb 3.07 LSC 810 3.0%

LSC 870 3.13 i5¢ TID 3.11

LSC 4160 3.16  6A0 LSC 930 3.4

Ls¢ %0 319 LSC 3180 #.10

LS 970 .22 200 LSC 950 3.19

LSC %80 3.23 LSC 3LBG 8,09

L$C W90 1.24 LSC 380 8,08 '
LSC 1080  4.01 L3C 1030 3.2%

LSC 1090  4.02 LSE 2190 b.1e

LSC 1100 4.03 LSC 2199 6.1}

LSC 1140 A.O% 220 CLSC 1610 4.29

LSE 1170 4.0% 230 LSC 1780 5.1e LSC 1ea0 3,23 LSC L1890 S.28
L5t 1ato [t LSC L340 4.13

L3 1350 4,23 a0

L3 1330 .23 ' LSC 15%0 h.24

Lic 1;00 4.28 280 LSC 1580 .25

LIl 1830 “.3 Mo r

LS. la3o ’ ‘t.!l LSC 1630 *.3)

LAL Ledd 4.3 L3C 1630 4,31

LSC 1450 3.0 LSC 1540 %.01

LSC 1a80 $.08 LEC 1450 5.0

+~LSL LlaTd 5.00 LSC 14680 5.00 -

LSC L&RO .07 200

L3 1730 3. 014 LSC LT00 %.11
LSL 1900 S.1% 330 LEC LT40 .15
L5C L7Y0 3.31 300 LSC 1730 .18
LSL 1850 3.2 330 LSC 1780 3.17
LSL 1930 5.00 370 LSC 100 .20 LIC 1730 5.20
LS 2040 b.0& 380 LSC 1930 01

A1
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CARD

L5C
Lsc
L3
LSC
L3C
%14
LsC
[§17
LSC
LSC
LSC
LiC
L5C
LSC
LsSC
L5C

LsC

LHAR
CHAR
ENGE
CHAR
CHAR
EMGI

CHAR

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

L Tas) TABLE OF CONTENTS AND REFERENCES
(1} PAGE/BOK LU
219 13 W

2190 5.13 LS 2100
230 5.18 L3C 2930
Frel 4.19 LSE 2980
2339 6. 30 LSC 2930

a0 T.11 &0
830 ¥.11 i8¢ pexo
950 T.l& 450

ol T.24 “L&C MM
3030 1.4 L$C AL3D
3030 Te29 LSC 3040
3100 T3 LSC 3130

130 0,02 40O
330 a.02 LS50 320
k38 1] s.08 900
3znd a.18 150 d2a0
4130 9.1t 870 L5C 4200

T tETLE - MON-PROCEGURAL STATEREWTS

T TITLE - SUBROUTIME ENGISP

10 13.001 EXGLSP L3C Li20

T TITLE =~ NON-PROCEDURAL STATEMEMTS

T TITLE =~ SUBROUTINE ENGINE

10 1%.01 ENGIWE 436 1290

T 'l'l!l.t = NON-PRDCEOURAL STATEMENTS

CHART TITLE - SUBRDUTENE KLIME{XL} -

LHaR

VLY

vALY

KLIN  1Q L7481 XLINE LSF 1400
ALIN 250 1704 ILIH S50l
XLIN 280 17.06 ALIM 360
KLEIM 390 17.43 100 XLEIN 180
XLIN 410 17,48 KLLN 400
LN 20 LT.18 KLIN 410
ALIN 430 1T.20 ALIN 420
KLIN &40 17.22 XLIN 430
KL 1N 430 17.24 ALIN 440
KL [N &R0 17.27 KLIN %70
XL N '090’ L7.2% KLIN %80
ALIN 500 i7.31 KLIN 4%0Q
ALIN 510 1B.01L XLIN 300
© ALIN 520 18.03 ALIN 310
ILIN 580 18-0% 110
CHAR

T TITLE ~ MOM-PADCEDURAL STATEMENES

T TIVLE - SUBRDUTINE VALVE

L0 20,00 vALvE LSC 1500

L) 20.0% VALY 130

MCDONNELL DOUGLAS ASTMNAUWGS COMPANY =« EAST

10
T.19
T.18
1.37

B.0d
§.0%
7427

.04

cBeld

3.18

4. 07-N

4.19=2

Aalb-X
18.07
18.08
171,31
11414
it.18
17418
17.20
17.12
17.25
r.27
17.29
17,31
a0l

4, 20-X

20.08

AUTOFLOM CWART SET -

REFERENCES [SOUACE SEQUENCE NO. AND PAGEFROX)
LAC 000 9.00
LSC 2310 e 22-K

A-2

PAGE
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o COMPUTER PROGRAM . oL

05/18/11 TAELE OF CONEENTS ANO REFERENCES AUTOFLON CHART $ET - ’ - PAGE 3
CARD ID PACE/BDX - NAME REFERENCES tSOURCE SEQUENCE NO. AND PAGE/BOX} '

VALY Y30, 20.0%° 108

CHART TITLE - NON=PROCEDURAL STATEMENTS

CHAAT TITLE - SUBROUTINE INTERPCNsNQ:MlX, Y}

. INTE 10 22.01  INTERP " LSC 1690 5.09-X
INTE 80 © 22.04 INTE 90 Z2.08
INTE 80  22.0%. © o IWTE 90 22.07

IMTE 90 27.08 100

INTE 180 22.12 INTE 250 22.22
INTE 190  22.1% 110 INTE 160 22.12 '
INTE 200 22415 . INTE 250 22.21

INTE 230 22:18 120

INTE 230 22.18 T OINTE 230 2219

INTE 240  22.20: 130 INTE 200 22.1% INTE 216 22.18
INTE 230 72.21 140

1 INTE 280 22.24'; - INTE 330 Z2.30
INTE 300 22.26 INTE 330 22,29
INTE 320 Zz.28 150 INTE 300 22.28

INTE 330 22.29 160
INTE 350 22.32 INTE 360 23.02
INTE 380 22.3) 110
INTE 380 22433 INTE 340 23.01
INTE 390 23.04 INTE 410 23.08
INYE 410 23.06 18

INTE &10 23.08 INTE &LC  13.07
[NTE 460 23.11 190 . INTE 100 22.0%
INTE &T0  23.31 [NTE 490 23.18

1HTE 490 23.14 200
THTE »90 23.1% . INTE #90 23.1%
INTE 320 23.19% INTE 540 23.23
INTE 340 2%. 21 o0

INTE 540 23.21 INTE a0 23.22
INTE 370 23,28 INTE 430 24.04
INTE 580 23.2¢ INTE 630 24.00

14TE 590 23,27 0
IMTE 414 24,00 230 INTE S80 23.28
INTE 820 24.02 #s0 INTE 600 23,27
INTE 830 24.01 7?30

' INTE 850 24.08 240

INTE 850 Th. 08 INTE 450 24,07
INTE o83 24.09 {NTE 880 Z8.28
INTE 1210 24.12 INTE 750 2%.1%
INTE T%0 FUTR U2 ) ©OINTE 720 24.11

INTE 130 Zh. k5 200
INTE 800 2407 INTE 820 Z4.31
INTE B2Q0  24.20 730
INTE 8&0 4.2 300 INTE 774 Q4. 14
INTE 830 .24.23 INTE 67D Z4.27
INTE 870 24.25 210
INTE 870 24.2% IWTE OT0 2426
INTE 80 24,28 120
INTE 9310 4.30 (NTELO2D  25.07
INTE %0 23.01 330 INTE 920 Ze.31
INTE 990 23.03 10

A-3
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LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

os/TL TASLE OF COMTENTS AMO REFEREMCES

CAAD 10  PAGEsAON NAME

INTE %00 25.03 INTE 990

INTELDLID 23,06 - 330 INTE 930
ENTELD20  29.0T 3a0
IMTELDAD  25.08 70 INTE 420
INTELOSOD  2%.43 300
INTELCRD  23.12 INTELDS0
INTELLO0 25,14 390 INTEL1Q40

INTELNZO 2518 400
iMTELN120 25.18 ' INTELLED
INTELLND 29.14 sl10 INTELLGO

CHART TITLE ~ MON~PROCEDURIL $TATEMENTS

CHART TITLE - SUBROUTINE RMIXER

mInE 1o 27.00 HMIXER LSC 2020

CHARY TITLE - WOM~-PRDCEDURAL STAVEMENTS

CHART TIVYLE ~ SUBAOUVINE PASHEX

PagH 10 29.01 PASHEM L5C bl
PASH 15¢  29.04 PASH L4
PagH 250 2%.10 . PASH 245
PASH 150 2%.16 PASH 34D
PASH #4180  30.03 PASH - 400
PASH 480 10.0T PASH 470
PASH 8TO  30.0Z MDO PASH 21D
PASH 280 30.14 , PASH 570
PASH &10 30.17 FaLH 800
PASH 710 31.03 PaSH TAD
PASH TTC  31.47 PasH ‘Tap
PASH B8O 31.12 PASH 830

CHANT TLTLE = NON=PROCEOURAL STATEMENTS

CHART TITLE = SUBROUTINE PROPEL

PRAOP L0 33.01 PROPEL LSC 2590

CHART TITLE — NON-PROCEQURAL 5TATEMENTS

CHARYT TITLE = SURROUTINE TamK

Tanx 10 35.00 Tamx - L&C 2570
TANR 280 35.10 Tann 270

Tamn 300 3%.12 FANW 290

CHART TITLE - MOM=PROCEOURAL STATEMENTS

504
28,32

10.0%

25,13
%.10

2%.17
8.14%

Galé=x

ba24m1
2%.02
29.08
20.14
30,01
30.08
29,08
30.12
30.15
31.01
13.2%
n.1o

&.32-X

7.02-3
35.08

3s.11

4UTOFLON CMART SET -
{SDURCE SEQUENCE KO

REFENENCES

CHART TETLE - SUBROUTINE PRESYS{#TO2,PTHZ.THZ,TDZ,NHZ,H02)

PRES L0 - 17.01  PRESYS Lsc 210

CHART TITLE = NOM-PROCEDURAL STATEMEMYS

MCDONMNNELL DOUGLAS ASTRONAUTIC

r.a6-x

A-4

S COMPANY =

AND PAGE/SBOX)

EasT
{

PAGE

LY
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CARD ID PAGE/BOX

TABLE DF CONTENTS AND REFERENCES

CHART TITLE - SUBROUTINE

PROF .lu
PROF 280
PROF 300
PROF &10
PROF 610
PROF 330
PROF 3TC
PROF 370
PROF 800
PROF &30
PROF $2¢
PRADF 540
PROF 540
PFROF1300
PROF T10
PROF 730
PROF 830
PROF 840
PROFLOBC
PROF La5C
PRAF1330
PROFL3A0
PROF1390
PROFLISC
PADFLS20
PROFL56D
PROF1630
PROF 1640
PADFLE10
PROFL900
PROFLSTO
#ROF2080
PROF 2100

PROF2110

CHART TITLE

LHART TITLE

CHART TITLE

CHARY TIILE

CHART TITLE

CHART TITLE.

CHART TITLE

CHART TETLE

39.01°
39.02
39.04%
40,01
40.04
%0.0%9
“0. 11
4G.11
0. b6
A1.01
41,08
41.08
Al.OR
41.13
WLl LY
4l.1b
%2.01
*2.02
42414
+3.02
43,07
%3.0%
43.10
43.10
L) P LA
4300
“3.21
4322
48.02
4% .08
A4, 09
iy l‘-l
44_1%

b1

PROFH2
PADFHZ
1190
170
180
110
120

210

140

150

250
[}:14)
190
220
230
280
90
PRAGSH2
210
280

300
no
330
340
350
380
PROLNHZ
370
a0

390

- LOW PRESSURE APS DESIGN AND SIZING 1“}3&52332
COMPUTER PROGRAM o

mE

PROFHZIT @ RHO+H,5]

PAUF 270
PROF &20
PROF 390

PFROF 300

PROF 370

PROF 380

PAOF 410

PRLF 510
PAOF 500
PRQF 520
PROF 570
PRDF 670
PROF TAD
PROF BOO
PRGF 550
PRDF 900

PRDF15G0

PROF 700

PAOFE 370
PRCF1410
PROFEBLO
PROF 140D
PROFLABD
PROF1320

FROFLA10

PROF20Z0
PROF2OI0

PROF 2050

- WNON=PROCEDUKAL STATEMENES

- FUNCTION HINTIRHO#TH

- HON-PROCEDURAL STATEMEMTS

~ FUNCTION SEINTIRWG,T)

~ NMOM-PROCEDURAL STATEMENTS

-~ FUNCTION

FUNCTIR:T4RHO|

« NOM-PROCEQURAL STAJEMENTS

- FUNLYION OFDALP.T,RAHO}

3.0l
Ap.05

s0.1%

59,04

40,12
Sk.12
40.1%
41,04
41.03
41.06
41-11
40.01
41.20
s0.1lb
%h.0%
42,33

43.08

40.01

LEN N
42.13
43.20

3,12

43,03

Al-1%

4,02

LLTR )
LA ¥

44,13

REFEAENCES

PRADF

PRNF

PROF

PROF

PROF

PROF

PAJF

PADF15TD  43.17

VOLUME !

.,
AUTOFLOW CHART SET - PAGE L

590

THD

T+0

820

PROFLOTO

40. 1%

*1.12

41.19

40.01

40-47

1.7

Al. 1t

“7.13

PROFZO90 b 1%

A-5

ISOURCE SEQUENCE NO. AND PAGE/BOK)

PROF B30 42,03 PROFLABO  43.05 PROFI59C  %3.19

PAOF 440 40,19

PROFL29G  &3.22

MCDONRNELL DOUGLAS ASTRONAUTICS COMPANY =« EAST




LOW PRESSURE APS DESIGN AND SIZING MDC £0398

COMPUTER PROGRAM ldgfﬁﬁfﬁ

OS/iBITL TABLE OF COMIENTS AND REFERENCES AUTOFLON CHART SET - PAGE &

CARD IO PAGE/BOX NAME NEFEAENCES {SOULCE SEQUENCE NO. AND PAGE/BOE)
CHART TITLE - MOM-PROCEDURAL STATEMENTS

CHART TUITLE = FUNCTION ‘DFDTUP.T¢RHO}

CHART TITLE ~ MON-PROCEOURAL STATEMENTS

CHART TETLE = SUBRCUTINE PROFOZ (V4P aAWO M5

PROF 10 56.01 PROFO2
PROF 250 96,07 PROPOZ

FAOF ITC S5.04 100 PROF 240 3&.01
U‘ROFAIITO 57.Q1 280 . PROF 346D 57,11
PROF 300 §7.08 110 PAOF 270 54,04

PROF 340 37,08 120

wROS AN B7.00 PROF 340 57,09

PROF T30 8T.13 166 PROF 350 51410

PROF 190  ST.1B 200 PROF T40 37.14

PROF 430  58.01 140 PROF 400 37.04 FROF 3RO 8T.12

PROF 480 58,05 PROF 470 58.03

PROF 490  38.06 150 PROF 540 58.10

PROFLOGO  SB.11 350 PROF 320 98,09 PROF tA  39.03 PROF 940 39,17 PROFIDTO  £0.0% PROF1260 61.08
PRCFIS10  61.13

PRDF 350  59.01 160 PADF ALD 57.0%

PROF 600 $9.02 170 PROF 880 39.07 PROF 710 %5.08

PROF 690 59.00 180 PROF 50 59.06

PROF 830 $9.09 10 PROF 790 57.148

PROF 890 39.13 220 PROF B20 3T.20 PROF B0 39,10 FADFL130 60,09

PROF 910 59.14 230 PROF 960 5918

PROF 980  60.01 240 PROF 880 359.17

PRDF1030  60.02 250 PROFLLL0 40407 PROFLIA0  60.08

PROFLIZO  £0.0B 260 PROFIDBO 60,06

PAOFILSD  60.09 270 PROF 81D 57.20

PAOF1200 81,01 290 PROFLLI0  37.01 PROFLIBD  57.0%

PROFL22  6L.02 300 " PAGF s00  58.07 PAGF 520 $9.02 PROF 920 59.1% PROFIDSO 50,01

PROFEZSD 61,03 340 PAGFLZI0 51,03

PRUF1450  61.08 320 PROFL240  61.0%

PROFLABO  &L.10 310 PROFESI0 6h.1%

PROFIS40 6h.45 30 PRAFLA90 &l1.11

PADF j 690 62.08 PROLOZ V PRES 280 37.12-2

PROF1170  62.13 310 PROFLTIC  6Z.40

PROFLALD s2. 14 380 PROFLTAD  B2-11

PROFIA20  62.1% 390 . PROFLTAO 62.42 PROF1B00 62.13

PUODF L850 43.01 PADSOZ

PROF LEFO &1.03 400 PROFILOO  57.02 PROF 420 57.05 PROF BTO  59.112

PROF L1940 63.01  4k0 PRUF19G0 83.04

PROF 1980 43.08 &0 PADFLI10 &3.0%

PHﬂ‘FlQﬁO 63.0% &30 PADFIRID  &3.08 P.I:OFIO?O 63,07

PROF2120 6318 440’ PAOFLI&BD  58.12 PROFIES0 61,19 PAOF1440 82.07 PADFIA4C &2.15
PROF2220 43.20 450 PROF2120 &3.10

CHART FITLE - NON-PROCEDURAL STATEMENTS

CHiART TITLE - SUBRGUTIME FRPHOHI TEMP , PRESS ,RHD v He S o0}

#RPH LU 65.01 PRPHOH

PAFH b0 6502 PRPHZ PROF 310 39.05-X PROF 630 4Q.QT7-K

A6
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0571871
CARD 1@ P

PRAPH 280
PAPH 3B0
PRPH 480
PRPHYOND
PRPHLASO
PRENI1Z0
PAPH1Z00
PAPH 820
PREM BEO
ARPH V40
PRPHLEO0
PROHIZSD
PRPHIIO0

PRPH13BD

CHART TITLE

LHART TITLE

CHART TITLE

CHART TITLE

HSAT 10

CHART TLTLE

osal 10

LOW PRESSURE APS DESIGN AND SIZING

IABLE OF CGNTENTS aMD REFERENCES

AGEFBON HAHE
65.08 Pu#NZ PROF 280 58.05-%
£5.08 TRIPHE PRES 90 1T, 02-x
Bb.0%  LIG PRPH 15D  45.01
68,12 140 PRPH TOD  &b.L1
T ab.16 130 PAPH1020 6b.11

66,19 LTO PRPHLELD  &6.12
56,23 180 PRPH129D &7.13
87.01 110 PRREH P20 b8.02
6T.01 120 PRPH 930 47,07
47.08 130 PAPH B30 &T.0%
87.09 220 PRPH 910 &T.08
al.12 190 PAPHLZ40 66,25
aTalh 200 PRPHIZAD &B.25
st.18 210 PRPH BOO Bb.O%

- NON-PROCEDURAL STATEMENTS

- FUNCTEOM CVYINT{®#,T.RHO}

- NON-PROCEOURAL STAVEMENTS

- SUBRDUTINE HM3ATLP,T)

72,01 HSAT LSC 2740 T.0%-2
« SUBRDUTINE GSATIP.I)

13,02 DIAT LSC 2150 T.0&-X

MCDONNELL DOUGL

COMPUTER PROGRAM

AUTOFLOK CHART SET -
REFERENLES

PFROF TT0
PRES 14D

PRPH 250

PRPHLIQ&D

PRPH1ATL

PRPHI1GD

PRPH R70

57.16-L
37.05-%

8501

6b.1%

s7.17

sT.1e

6T7.08

A-7

PAGE

(SOURCE SEQUENMLE NO. &NO PAGE/BOX)

PRES L8O 37.GT-x  FAES 230 37.09-K

PRPH 350  £3.05 PRPH 4#0 6%.07

AS ASTRONAUTICS COMPANY = EAST

¥DC £0398
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: LOW PRESSURE APS DESIGN AND SIZING MDC E0358
& | COMPUTER PROGRAM o OLUNE 1

os/la/my AUTOFLOW CHART SET - PAGE Q1

CHART TITLE - INTADDUCTORY COMMENTS

10w CHAMBER. PRESSURE SYSTEM SYMTHES(S PROGAAN
INPUT VARLASLES IN FPS UNITS,TERP IN RAMLINE,PRESS I¥ PSIA

A-8
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CHART TITLE - PROCECUREY

1
08.1T¢~-1}1
[ wOTE
CEURC B R RN B
L] BEGLN DO LDOF
L4 10 1 = 1. 1O
PRI B R L
L

o

v e

] 0z
W mw = ———— - *
[ Fell = 0O, 1
] 1
1 TaT111Y = Q. [}
A ]
1 TGASHZINE = D. I
I 1
I TGASQOZIT] = 0. 1
] 1
1 XMLl = Q. t
] ——mmmmrw———

1

]

L 03
Bimwmm————— ——————
1 EPSLI) » 0. L
] 1
1 PYLI} = C. ]
1 i
L FTH{TE = O, 1
E 1
] PEOCTY & 0. i
T ramm———

1

1

D&

ND *
END OF 00+ -
. Laoe -
. .

. »
-
1vES
1
1
I
I
0B, Los=~}I
1

120

Cé

f ’
/ READ FROW DEvV /
! 5 /

§ WIA FOAMAL !
’ LiNE !

¢ /
/ WAIYE TO DEY /¢
b F

-

YIA FORMAT  /
LENE ’

s /
# READ FAOM DEY /

/ . %
£ VIA FORNAT /
4 YALVE z

i 09

/ ¢
F WHITE TO DEV ¢
/ LI ’
7 VIA FDRMAY I
I VALYE ’

. MCDONNELL DOUGLAS ASTRONAUTICS

LOW PRESSURE APS DESIGN AND SIZING

COMPUTER PROGRAM

1
1
TWTHSC = Qa 1
E
I
.

THIOSL = Oa

=2

o

r

[=]

(-]

-
LR R R

* -
ND * i
END OF G *
» LoDP L]
L] -
L] L)

EGRSR ¥

=
=
w

E L]
BEGIN
140 1 =
LR

arew

[—memmmnen
1 NDTE 13

I L L R
BEGIN DO LOOP  *
140 4 .
LI I L]

- Ly &0
L I )
t
[ 1 |

L40 1
L

1 WHTCl 41 = Do 1

XN

17
L[] [
L] L]
L] -
END OF OO ®
+  coop ¢
L] L]
- L

1
3
1
i
1
1
t
I
I
1
1
.

YES

RUYDFLOW CHARY SET -

fmr—————— —m———
1 [ NOTE 1%
[ "k s 8w & aRE -
1 = BEGIN DO LOOP *
1% 1501 x 1, &0 ¥
1 PR E RN NN
] 1
1 02.26=-+11
1 I WOTE 20
s P I A S
1 & SEGIN DD LOOP  *
¥ e 1500 =1, 13 *
1 RS B B BB L L
1 1
L H{nemmmmm—— o
1 1 P
[ mmrmm————— P |
1 1 WEd{led) = 0. 1 1
1 P - mm———— 1
1 1 ]
i i 1
1 15 1 F# 1
T T L |
I 4 WH{[.a} = O. ot
] [ Rt - ———— * 1
1 I I
t 1 t
1 1 1
1 + 2 !
1 LI ;
1 . . }
1 . a NOOI
1 » END OF DO #-—c==¢
1 *  LhaR .
1 . -
[} . [ ]
1 .
1 IYES
t 1
1 - 1
I t
1 1
L 1
[ ]
1 v 24
I L] L
—— [ * L]
1 1 L] *  ND
i ] * END DF DO #-*
) 1 L Loor - 1
I [ . L] I
] I L . 1
I t . PP
1 i IYES 2.
1 1 I 20 .
1 f 1 ras
1 t 1
1 1 1
T I 1 :
1 i 1 25
1 " e a—r—————— -
1 1 F
1 1 # YEAD FROM DEY /
i 1 ’ 5 /
1 1 / V1A FORWAT
I 1 / LOwPL I
i 1 - -
1 L 1
1 I 1
1 i 1 P33
1 I ———————me ==
I 1 ’ ’
1 1 7/ WRI1TE TO OEV /
1 1 I [ ¢
t 1 4 NMIA FORMAT
11 1 7 LOWPC !
1 1 ————— -
I i i
1 1 1
1 1 I NORE 2T
[+] 1 [ L ERN B BB AR B
——— I+ BEGIN DD LOOF  #
] . 160 1 = 1, 10 .
I 'EE R NN
1
1
1
L
i
I
1
1
ram—a————
A-9

* l e '{

pAGE 02
a2 ZTH--1 0
1
L4 28
. .
L] s !
L] * FaLSE
L ABSIFITLY o———-- *
s, 4iE. 1.DE-6* 1
L] L] 1
» . 1
L I
ITRUE 1
] 1
']
L
L
1
1

- ® FALSE
* ABSATOTILIN]  =ur-—t
#.LE. L.JE=b® ]
. . 1
. L] 1
L] L
LTRUE L
] 1
1 I
1 I
1 1
1
[ E1}

* a2

. .
*ABS{TGASH2 * FALSE

. 1§10 -LE. -t
* 1.0E-8 * L
= . L] 1
. 1
- |
[¥RUE i
[} 1
B [ 1
1 ]
1 1
1 ]
1 3 L
Wr———————— e » 1
P ONISy = Ni%) - 1L 1
e imatnt I |
1 1
Ie- +
I
* ELY
» *
[ ] L
. * FALSE
o ABSIXMR{I)) @4

*.LE. L.OE-b% [}
L
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LOW PRESSURE APS DESIGN AND SIZING MoC BN
COMPUTER PROGRAM | ! JoLaHE 1

os/lesTy : AUTOSLOW CHART SET - : PAGE 03

, .
: : CHART TITLE - PAOCEDURES

[T YT e
1

* 03159~ )"
] 0% 1
- ok ] -— - S L] 1%
* . 1 / MR1TE YO DEY / . * L]
. L 1 £ ] [ L} L]

. FALSE - 1 2 Vik FORMAT  # TAUE = .

#-====0 AQSLERSLIN) * 4 / 1710 f #m——mat HPATPL .NE. O *
& *.LE, 1.0E-8% 1 £ FROM THE LISY / 1 . .
1 [ . 1 ————— e 1 . »*
1 * 1 ] ] . n
1 . I 1 L]
i ITRUE 1 f NDTE 1D 1 IFALSE
I 1 ] LN B B B [ I
1 ] 1 * L1357 = TIPRCA. L i ]
[ 1 1 L4 RITOs WPRLCMH, Ld i ]
I I L L WPFACH] - I 1
I I I LI SN I B R I 1
1 1 ez 1 1 ) i 1 20
1 [ - tamamm e ———— I ] 1 e ——————
101 NETL W NITY « L 4 1 | 7 WRITE 10 DEV 7
1 Becccummmm e eer————® | LI 1 1 ] s 14
I i 1 - * ' 1 £ V1A FORMAT [
pommmenmamun=f| 1 L L] 1 ’ 170 4
1 1 FALSE & RITO JGF. * ] 7/ FROM FHE LIST 7
. [ 3] 1 Frmr 1. +AND. L 1 o ———— -
LI ] I 1 *TIPACN .EQ.* 1 i
. . 1 1 . 0, ] [}

FALSE ¢ ABS[PAPICQ ¥ I I L4 L ] 1 NOTE ' 21
pomman® (L1} JLE. * 1 1 . B ERERE RN NN N
1  j.E -6 ® 1 I 1TRUE 1 * L1ST = PTMIII}, *
i . . ] I 1 1 . PYDIINY »
1 L I 1 | 1 R NI R
] . 1 1 1 ] 1
1 1 TAUE 1 1 I P —m———— was) ]

] 1 1 1 1 200 1 NOTE 2%
L 1 1 1 ] iz S EE R A b
1 [ ] 1 e L] BEGIN 0D LOOP .
1 ] 1 1 4 r * 500 MR = |, N& ¢
1 i 1 1 ¢ WRITE TO DEY / L BB B B 4
1 1 Ok I I E & [ ]
1 B m—————ema B ] 1 /4 ¥I& FORMAT ! 08.09=--11
T E N[1OY = NLIOR -1 1 1 1 ’ 180 / 1 wOtE 23
I .- 1 1 - ————— * % 5 208 a B KD
I 1 1 1 * BEGIN DO LOOP L] '
#or e ———— 1 tosommmmmre——1] ¢ S00 1EPS = 1, MT @
1 L] 13 P IR I A I
160 . Qs I ————sssl ]
- . ] I NCS = 2 [ 0B, Q&===)1
: * - I ] 1 ] F2]

FALSE, #ABS{PTHL 11 % 1 ] KfF = 0 1 Yoamm e an .- -8
ga==c-® (LE. k.E - & ® ] 1 ] I Jd = 0L 1
[ L . 1 1 Kl =0 I 1
L L L4 1 1 ] ] PTLIPT) = 1
I * . 1 i EPT = 1 I 1 AMAELIPTHULLD, 1
1 * 1 i 1 1 [AXIREIN} I
1 I TRUE 9 [ KBTP = O 1 1 1
1 i I 1 1 1 PIT » 1
1 1 3 T HBP = 0 1 [ AMEMMLPTHILIY, 1
1 I I Bemmrm e —— - Ll 1 PIO(AJN) 1
1 § 1 1 1 1
1 1 1 L I 1 = NF 1
1 1 - | 1 Berremme e —————e -4
| e mmismemeeaae LI . 14 i
L [ w8} = N8 -1 ] 1 L . 13
1 om———— cmummme———— f L} » I
[ 1 1 * NOANYONB® s TRUE - 25
$reomnomm—mae 1 1 o NIFMLOONS#HA F=rrerr———eeeoo R el L] LI

1 I * LGP, b0 ¥ 480 ] i6 - L
» ] . * mmmr e ——————— * » FALSE
. = 1 LI f 14 * NPRTPC «ME. 0 *-+
* . . I 4 wRITE T0 ODEV / . * I
. L ] [FALSE ’ [ I . . [
. END DF DO LAt d 1 [ 4 Vih FORmAT ’ [ . 1
- Lao# . 1 1 1 / 490 4 '
1 1 e —————
1 1 1
1 I I
[} 5 NOTE L5 1 17
1 e & & &S - -
L *  BEGIN OO LOOP ¥ / SEAD FRAOM DE¥ /
I « 500 [0 = 1, Wb . / 5
L P R I B Y ) £ V1A FORMAT L
1 [} ’ 510 ! / f
i T / INTY THE LIST 4 # WRITE Ta DEv ¢
4 ] 1 —— s mm——————— ’ & 14
I N{Z} = NLLD 1 ] [ 1 ¢ viL FORMAT !
I 1 1 ————— I ’ 210 f
I Mi3) = NOLT, 1 1 £ 3.9 I wore  La S ——
] 1 i L R I BRI . 1
t Ni9) * WES) [T - LISY = [
LIS B e | res e I .
L ] 1 [ 3
1 I L] ————
PO, N 1 £ o401
. Rl
ans BTD
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CHART TITLE - PROCEDURES

0A.250--)¢

1 w~afg ol
ERU RN I N BN
* BEGIN OD LDOFP ¥
® 390 IF « L, NL L
T e e AN BED

1
Otiald==~3i

1 NOTE 02
« F ¢ & 24 e BB S
& BEGIN DO LODP  *
# 390 I[TMAX = 1, NY @
& @ 8 8 F b & bR AN

1

06 13-=-}1
1 o3
Bererere e s anm e
1 1el e 1
i i
1 IND » O 1
1 1
i P 1
1 I
L ectur = PTL -
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. ———. [ ]

1

04.20=<2 )
220 i o
W - - sussmmmwrd
! PRI I
1 ]
1 PLidr = PCAS - 1
I Lb ¢ (DELPM = |
I FIICR 1
PO p—1

i

'

1

15P CALC

05.1B%--11
0 o5
W mcm b —————— [ ]
T PRESS « FIIF1 1
[ [
1 Pe 0
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1 1
1 YEWP i
I TTNAXEITHAK] 1
I 1
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——— -
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F T bt
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£ ]

[} a7

-

11 M
13 1 ENGLLP H
1. L]
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[ oa
Peccmsanamanrr——~——- »
] XISP = K1 1
Ymmesmmm e ——— =

1

1
EMGINE

|

1 T 09

[P s mm—————
PRESS = PLUJ- 1
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I

I 1
i 1
i 1
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1 I
1 X3 = FUIFI [}
- -
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LOW PRESSURE APS DESIGN AND SIZING

COMPUTER PROGRAM

RUTLPFLOW CHART SET -

e b —— -y
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. €MD OF DO - I I 12 [} I ! 340 ' 1 LI B NN
» LODr - ] 1 r—m——————— e - [} t 4 FRDW THe LIST / 1 I
L] - i ) / READ FROW DEV ¢ 1 1 mmwmesemanene——— 11 1
. - 1 1 7 ’ I i i ] i
L seve | 7 VIh FORMat [ 1 1 1 § PROPELLAMNT
[YES Tl [ 510 ’ I ] 1 NOTE 20 I 1
1 « 2% . 0 7 INTO THE LIST 7 I I L RE RN B L L B R 1 1
1 enan I A —————— e [} 1 . LEST = . 1 '] 28
1 i 1 1 1 % CIHRIR B WRIR el * ] e ——————
| 1 1 1 i o G NEIReTh g WKER9], & ] f ’
L I 1 NOTE 13 1 1 * BRI 100 WKLL Db * [} / WRITE YD DEV f
1 at 3 FECRE R R A ) 1 ] o WKLlst3bewutilyK) t / 4 /
Brmmmwr—r—————mae & ] L] LIST = IND . L 1 * WNELI2eR)E K o # 1 £ wia Fpamal ’
1 i =3 ] ] IR RN ENENE RN 1 ] - 1«10 Ld t 7 390 /
1 1 1 E 1 I L NI I B I I I 1 asssmsmsmansmnama
1 WF = 1 [} 1 1 1 I [ I
1 1 1 1 ] 1 ] 1
1 IPT = 1PT & 1 I I . e 1 ] 1 ]
Bocsmmmmm - * 3 * L I 1 LEMES/YALYES 1
1 I - 1 1 ] 1 / WALTE TG DEV /
1 I I \ 1 ’ [} /
$rsmmmn ammrred 1 1 n ! 4 WIA FORMAT r
H - ——— 1 7 500 !
1 f WR1TE TD OE¥Y / 1 ¢ FRAOM THE LLST /
] ) 4 ¢ 1 mEsmssSsssLsss=s
. ] # NIA FDRMAT 4 1 I
1 / 150 ’ 1 L
] 7 FRON THE LIST 7/ 1 E
i 1 rr
1 i !
1 ]
1 *
——————————(
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LOW PRESSURE APS DESIGN AND SIZING
- COMPUTER PROGRAM

aS/LA/TL AUTOFLOW CHART SEF - PAGE 09

CHART TITLE - PROCEDUNES

8. 29~=~Iw
T 1 MQTE 01
L N A I
LIST =
{AWTSHIR, 5D,
WISHIN 8 yuEiRy 2|
WK K LD WKLY
eWTAE KD ouun T,
KYMUTHEOKD
MYSH{K; 3] o WTSHIK,
21 +WTSHIK, Y,
WESHIK 4D )oK =

[ ENERNEENEENEN]
TrEsERABBES

Led)
LRI I A

ThhRS

/ /
/ WRITE YD DEY /
’ B ’

/ V1A FORMAT ¢
7 610 /

/ WRLTE T DEV /
. L]
¢/ Via FORMAT 7

£/ LFi) /
¢ FADM THE LISV #

TRUE » .
TIFRCN EQ. *
L] *

] .
L » -
I NOTE D4 . *
LN I B B B B B
LIST = L FAaLSE
[(ETSHIK 50, - ®
WTSHEK b} pimiN, 1) *
sHNEH2) ylRIR 421y #
WEKEK o Lbd pWMiKydb, *
WAT{S4K) s HWTF.K) *
] = 1,dF *
LI B B
L

sssmansmas
-

1
PASSIVE CONDRTEONING
SYSFEN

I (5]

FsenEnennsa

MCDONNERLL

1
PRESSURIZATION SYSTEM
1

1
1 11

o ’

/ WRITE T DEV 7/
/ b L
¢ vlA FORNAT /
4 &30 /

/ WRITE TG DEv ¢
L) ’
/  VUh FORMAT ’

&&0
/ FROW THE LIST 7

LIST = L]
{OWTSHEK B ), .
WTSHIK B ) ymIKst] @
LI KAK, 20 *
WKLKy 14| o WRIRy 10y @
WATHEe K] o WMTIT (K] *
.

L]

.

[ ]

v ART{14,K) y
WMTIIS 4RI bk ®
(YT ]
e eT e ko b
]
L

L,

1
1
1
1
1
i
i
1
i
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
1
]
I
1
1
1
1
1
1
1
t
]
1
1
I
i
1
1
i
1
1
1
L}
I
}
1
t
1
!
]
[}
I
1
1
.

4 @WRATE 10 DEV 7

’ b 7

4 VIA FORMAY /

4 0 !
4 FLOW THE LIST /

I

1 NOTE 1
LU R BN B ]

Lish =

L LIRS T LI5] YR
AWMl gdbyed =
Tyd2ledl = B4NCS)
ERC R NN B R

LR Y
LR RN N N

1
~—==03,18--31

atR i 1l

’ s
/ WAlTE T0 LEY ¢
/ &

7 vIA FOL%AT /
520

L F
i
1
1
* 12
L
. )
L] *  TRUE
¢ [ENC JEL. O w-»
. . 1
L » L
. » i
. .
JFBLSE . 2 .
1 . UG
I ree
1 1z0
[}
1
]
s §aDLe
aaa OO
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 LOW PRESSURE APS DESIGN AND SIZING Wo s
“ COMPUTER PROGRAM LR

LITSFE.TERY . . AUTOFLOW CHART SET - PalE 10

CHART TITLE — WON-PROCEOURAL STATEMENTS

PROGAAM Lscl[uvur.uutvur;rlpcs-lnlur.tlvﬁs-uurPuTl

GIMENSION TOTI012) o PGASHZI 101+ FGASO2E 10N XMR{LDD+EPSIIDY, FLLO) XN
EFI10),KNET{LOY+N1 -I.Ol sPCULLE g WNT BB GQN  WNEB0, Le)y WFIE0] ,uIl80H,0

HZOLE1,002010 ), WFO0LL )P SN NFIT St uTSHiG0,0)y PTOCLON,PTHILOLLPT
Loy, TTmang1o

DIMENSIONM WSC{8DsAYpuwdady 13}

DlnEnslﬂn PAPSD1 10, PAPSHILO}

DIMENSIDN MWw{an) '

REAL LMAKs LFN

EGUIVALENCE (N yMOAY T  EMS MEST D, (NG NTAT A AT NETH), INBLNIBY] , INT,y

N9 g ML RIT ) ANLOWMELOT by ENEZDA M2 )

COMNON PRESS,DELPy TEMP KL, X2,X3

COMHAN/ HEX/ TUBDN, TURDO, TUBSPH, tuBSPﬂ.TUhtGH. TUBLGD, XNTUBH  KNTUBO

ENOPHp KNOFD, PAFSH  PAPSD, EPAPS, TPAP Fo LF, XMR, INA 4 X ISP L ENEF+ TRAH,FP

AD, WHE XM WHE KO, MPRCND, MPACNH , TIPRLN, KT TD

NAMEL L ST/LOWPC/F y AMET y XNEF o TOTHy TGASHR y TGASI 2 XNR yEP S, PTO+PAPSO, P
THyPAPSHy WRHZ p HRO2 5 DELPR PAIN) (NERTPL,PLOAD o TTMAX, WPACND WFACNH T
IPRCN .IU‘BDH.‘I'UBDO.ILIBSPH. TUBS PO, TUBL GHy TUBL GOy XNTUBH , ANTLB D KNDPH
r ANOPO, RITO, 1END

COMMBN/LLINE/LMARTI XTIy LFNELDy D)
NAMELEST/LINEZLMAX S LFN
COMMONZYALYESFNE LD, 2D
NAMELISF/VALVE/FN
170 FORMAT LN .A/ PR TIE
SOK,A4HLDN PRESSURE APS SYNTHESIS PROGRAN//SIZIS
10K« AAHPERCENT OF FLOW CONDITIONED E5 F7.4/
‘10!.34"“!‘”0 OF [NFLON TO EMGINE FLDW IS Fe.3///
10K+ 4OHPERCENT OF WYDROGEM FLDW CONDIT IDMNED 15 Fb.3/
10Ky JBHPERCENT OF OX¥GEM FLOw CONCITIDMED 1§ F8.3/7) -
180 FORMAT{///720M, TOHPERCENT OF CDNDITIDNED FLOW IS IERD,RATIO OF INPU
T TO QUTPUT Fipw IS SEY TD 1. §
190 FORMAFLRHE o+ 1y
. SOHTOTAL LON PRESSURE SYSYEM WEIGHTS, HZ BOOST TANK PRESSUR
E = +FT.2+5Ka23H02 BOOST TANK PRESSUREm oFT7.2/7s 1N»2HAR +AX WHARES
3%y H PRESSURE Iy SHTHRUS Ty 3K, THUO. ENGIX e THITITANR (A Xy THCHAMB
ER+4Xe I4HLINE OIARFTEAS, T+ 4HFEED . 44 ¢ SHYOTAL o 4Xa THIMP DEF 4
4K SHTOTAL /46K, SHAATID +3x.8HAPS Tl 14K, BHTDT FIRE +3Xeb
HOESIGN » XA,
BHPRESSUMEs &Xy ZHHZ ; 8Ke ZHOZy TRy SMWETGHT 24X » THIMPULSE + 4 K¢
SHWEIGHT 4N SHWELIGHT FoL3XpbHHZ D2 . 7,13%,L0WP51A PSI
A JAXyIHLBF »14K.3HDEG R o 3X+ 4HPSIA
GEyGHINCHES » 40 ¢ GHIMCHES » 30+ JHLEBM, 5) 4 6HLB-SEC, 6X
+IHLEM, 6K IHLGBRS /)
210 FOIHAIIIHL:II-I;HCKAIBER PRESSURE o 2X ¢ LIHENGINE WEIGHT obXy L2ZHLINE
-SEIHWS «13X 1AHVALYE WEIGHTS . &KIZHTOTAL IEIGMF_.II,!MIOD!T Taw
# FRESSURES FOXo4HPSLA 213K, 3HLBM 4 0Ky IHLAM o 9K, IHLAN 90, 3MLEN
BXoIHLBH I IHLAM o, JOX, AHPS LA , Al AMPEIA £7)

A-17

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY » EAST
. R 4




AS7187TL

LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

AUTDFLOM CHART SET =~

CHART TITLE = NON-PROCEDURAL STATEMENTS

%0
2w

320
140
w0
&40
4Ta
420
sio
820
530

$40

550

382
ELL

380

590

400
610

MCDONNELL DOUGLAS ASTRONAU

FORNATIIKoF10.2, 80, 8F 1221
FORNATA1X,39HOPTINUN CHAMBER PRESSURE VALUES FOR MR~ F5.2,L0H AN
B EPSe oF5.21 N '
FORWATIS1HO NO 485CLUTE SINIKUN FOUND FOR CHAMBER PRESS ¥S WT1
FORMATI1H¢ 2 332, 200 IDEAL L ABDVE RAVEE)
FORNAT(1H+ 53X, 20K(0EAL PC BELDW. RANGE)
FORMATLH® 53K, ATHKO HINIMUN FDR PL  LAST YALUES WILL BE PRINTED)
FORMAT{2F 4. | e ZF6 1}
FORMATY LH*s 2k Ko FLO .20 2FS. 04 5F104 2}
FORMATLLM#, 900, €12, 2, 2F10.24}
FORRATL3)
FOANATILNY]
FORMAT( LML 3%, LAHENGINE WEISHYS//
VANAZHIR (BE, AMAREA DRy SHTHRUST 46K, SHIUNBER &1 THEHANDER 14X
SISMBOUST TANK PRESSUNE «BK,BHENGINE o83, MPNEURATIC /
JISX SHRATLD +190eTHENGINES 30, BHPRESSURE » OKZMHZ 431K, 2
HOZ 48K COHWEIGHT + T3, BHWE LGHT 2f
| LZBXLIMES (ZLELARPSIA (SALGHPSIA AIRIANPSIA L8X,3
HLBS 110K, 3WLAS /71
FURMATABRF 3.2 AXsF3oDsTRsF10. 20 %XsFSaly 3, F102s 3XaFL0 103X (F10.
1o 3X.FL0. 20 Mo F 0220
FORMATIIHE e LLHLINE VALVES /7. LIHLINE LENGTH sFB.2F7 10 3MMR (23X, 4H
AREA 29X, BHPNESSURE ¢6X¢@HETI TANK , S, AHTHRUST +AX:THND. ENE 53X,
THCHARBER S 8 « LAMLINE DIAMETERS.Sks LIHLINE WEISHTS,
MKy LAWVALVE WEIGHTS /o8X,5HAATIO , 7Ky LOHBOOST TANK v6Ks
GHDESIGNsA 3N IHFIRE  TOT, 3Ky BHPRESSURE + &lg 2HNZo TR, 2
WO2, Thy ZHH2 ¢ 5%, ZHOZo LONo 2HM T, 614 2HO2/
' 1924 2HH2 4Ry ZHOZ 7+
18X, 6HPSTA ¢2XoWMPSEA o 32, SHOEG & o8Ko3ALBF (L8Le
GHPSTA +GEs8HINCHES +14%2JHLEM o14L¢BHLBR £/}
FORMATEFS 22520, F 502y 1Kg ZFFo 20 FLO. 20K 1122, 2F5.0,FLO.2,2FF. 304F 10,2}
FORNATA LML LOMNEKER ASSY 773 1XsZHHR ¢ #Xo AHANEA o AN, AHPRESSURE +7Xy
BHITY TAHK »SE.SHTHAUST 44X, THND. ENG 3K, THCHAMBER 4433 13HLINE DI
AMETER + 60, |BHMIZER ASSY WEIGHTS /TR, 3HRATID +6X410HBO0ST TANK .7
NoBHUESIGN ¢LuNy BHEIRE TOT 3K, BHPRESSURE + ANy ZHHZ »TKe2HO2Z ¢ 9%42
HHZ +9Up2HDZ /,19K22HHZ 14Ky 2HO2 74 LAX AHPSIA +2Xe4HPSIA ,B1,5HDEG
R LN IHLAF o IBXoAWPS [& + WX, BHINCHES o 144, 3HLBR /)
FORMATCFS .2, 244K 3. 20 180 ZF9.2oF10.2,FhLa2e2F5.00F 102429, 3,2F10.2)
FOLRATULNL, LEHPROPELLANT WEIGHTS 77,
AN THRA (6K AHAREA o120 THITITANL ,
WAL BHTOTAL + X2 LHPROPELLANT WEIGHTS o 1100 SHENGISP (A1, 5HEYS
MR 5K, IHBPR.GK,4HSTS® Fr 27K, 9HHZ 02 +THTHIMPULSE »8K,2HH2 o
TXAZNOZ JTX.  SHTOTAL FZ3N:12HOEG 4 DEG M ,6K6MLB-SEC 118X, 3uLE
M ogr
FOARATE N, F5.2,F8.2, 2F12. 211,20 3F1 Lo FILL 5, FLLLED
FORNAT{LHL,ZTHAPS PROPELLANY TANK WEIGHTS 2/

JZReZHHR (W Ko4HAREA 70y SHPRESSURE o 1IN, BHIT) TANK (11X 5HTOTAL
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LOW PRESSURE APS DESIGN AND SIZING
' COMPUTER PROGRAM |

AUTOFLOW CHART SET -

CHART TITLE - NON-“IDEEDURAL STATEMENTS

820

590

MCDONNELL DOUGLAS ASTR

s ANy IZHTANK WELGHTS /o @XsSHAATEQ o5Ke LOHAPS TANKS 9K, 2HHZ

b Ly 2HO2 vk THIMPULSE 5 7Ky 2HH2 o BX ¢ 2HI2 Fo LTX 4 SHPSIA (4 X40HP
S1A TN 5MDEC R p2XySROEG R 2 EXy THLBS=5EC o&X¢3HLBS 4BX,3HLPS
M

FORMATIFS . 2y Flady 2F9.2,F11a2,F8.20EL4a2,F10a2.Fl2a2}
FORMATALHL ¢ 2BHPRESSUR Y 2AT JON SYSTEM WEIGHT /7, 1X42HMR .3K,4HRRER
94y BHPRESSURE o LIXqBHITY TANL o 11M,¥HVOTAL 45X« 19HPROPELLANT WERG
ATS »4%Xs ZIHPRESSURIZATION MELIGHF o
fo bRy SHRAVLO , 8% FHAPS TANKS o 11X¢ LLHHZ 02 +1K TH
1MPULSE AN, 2HHZ S BX12HO2Z +10Mg2HHZ » 8K, ZHDZ /7 ZLN+4HPSIA 420
vAHPSIA TG L IHOEG R DEC R o 6X,HLB-S5EC +RI2X 3HLBM (LTX, 3HLEM /7))
FDRHITIFS‘lrF‘i.?.FO.E.iFl!.2.Eil.2'iF1l-21
FORMATE MY /52K, 2THPASSIVE CONDTVIONING SYSTEWZS
AT AVHSURFACE HEAT EXCHANGERS ON WAIK ENGIME TANKS a;f
SRy ZHMA (SK THIMPULSE o4%¢10HTAN® PRES 43Ks10HMEX TURES +%X
sEOHHEX LENGTH +5K.10HHEK PANELS +5X%, LOMPAMEL AREA 5K, 100
HEX MEIGHT / s LAXGBHTOTAL 25K, ZHHZ Xy ZHOZ + 5N 2HHZ o8 Ky 2HOZ
15Ky ZHHE 8K, 2HD2 +5Na2HH2 (6K ZHOZ oSN+ 2HHZ 604 ZHDZ 53Xy 2HH
2 +6Ry2ZHOZ 4/ v IR, SHLB-SEC +8Xe4HPSIA 5 LON AHNUNRE
R s LONAHFEET , LOX,6HNUMBER $9Ks5H5Q FT o L1N3HLBS /7
’ W IF8.1aER202sFB.14Fb LaFB.GeFT
Or2FB. Lo F3.0,F9.0,2F8.0,2FT.001
FORMATA/ 740K 49HTDOTAL MUMBER OF CASES GT &0, WEXT SET OF CASES AUN
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D5/L8ST)

LHART TITLE - SUBROUYINE

MCDONNELL DOUGLAS ASTRONAUTICS COMPANY « EAST

ENGISP

AUTOFLOM CHART SET -

f- EMGESP /

DA, QF==]8

exriarsa-VERLIDN 28
AUG 19TD wsnvreenmvaven

*

ol
[ —
] LM = A0
1 KHR LA
1 KmAei a2
1 NHR®[ A3
1 ANReA4] D
I
]
1
1
*

R RN

CF = BO + FeIBL +
FriB + Fu(B3 +
FRIB4 « FOBRSHIT)

i CEPS 1
1 EPSe(C] » 1
] EPSHICLZ ¢ 1
I EPSwICY » I
1 EPS&ILA + ]
1 EPSeCSHINI 1
1 I
] CTH = DO & I
1 THEIDL « THeDZ) -]

CTQ = ED &
TOw{EL + TO®ER)

L]
I ]
i i
1 1
I G = HO +« HIOXMY + [
1 HI3ANRNSZ, I
1 1
I CSTaR = 4. » 16 - I
] Le)*iF - L
] 1500 /3500, 1

*

1 KiSP = 1
] (CHRRLFeLEASS I
1 CSTAR) + CYH + 1
1 (1] 1
1 1
3 EPS = KISP )

....................
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LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

05/18/TL SUTOFLOW CHART SET -

CHART TITLE - MDN<PROCEOURAL STAYEMENWTS

COMHON FeTOyTHeEPS MR AR

DATA AD,ALiAZoA3,04¢3.0BL54GEZy0.236209E1,+2. 50415531, 2.005253T,

0.f )

DATA BO.B1,02.B34B450378.56606125-1,5. 818301 0E=5,-2, 413143768 4.
B906032E=12,~4.5638045E= 18415831867 1E-204

OATA COsELeCZrTHrCA1CS#ToZBATERME~ by L 2801970615~ 20 15R8IE1E-2 41,
9211745F=3,-8.3143017E-5,1,38221156-¢/

DATA DO'DI..sz"lvﬂlﬂ!!iElv‘.‘ﬂTbﬁ"E—Zv—l.!IT!&OBE-’I

DATA €05 EL, €2/-2, B240153)5,64b1530E-24-T,89230606-74 :

DATA WO HY gH2Z/1 02231 9= 8563T32E=2r 4. 26 THLBRE-S/
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LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

ossiaIm

CHART TEVLE - SUBROUTINE ENGIME

MCDONNELL DOUGLAS AS

AUTORLOW CHAAT SET -

7 EMGINE ¢

Ok AO==- e

SYBKOUT EME FOR LON
CHAMBER PRESSURE
ENGINES

1 L]}
B mmma o -
1 AFTP = F/PC i
I : 1
1 NTA = AD + 1
1 APTPOIAL + 1
1 RETPOLAL + 1
1 RPTRE(AS + 1
t RFTP®A&T N1 1
I 1
I MYB = BO ¢ 1
1 EPSSIB] + t
| EPSeI02 * 1
1 PSRN 1
e e o i e B -

1

1
1 [}

1 WY = MTANNTS ]

] 1
1 ERS = WTSKNET I
-

WEIGHTS

.
1 WNTPSL = 5,58XMET |
I I

1 ANET » WYPSA 1

Pummrrrem—cesssananl
i
1
I 0%

* EXIT L]
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LOW PRESSURE APS DESIGN AND SIZING
QK_ COMPUTER PROGRAM

OSFIBITL . AUTOFLON CHART SET =

CHART TITLE - MON+P4DCEDURGL STATEMENTS

COMMON PLoARs ABy EPS2ANETF
DATA lﬁ.ll.AZ|l3.l§f2&.b§ﬂ.0.90973|-IaTﬁBSE-!oi.i’VOE'Go 2. HT955E
-uf

DaTh 30'81.52.B3I-703277|I.lﬂ!BQE-Z'1-274E-5-!.03!79£-6I

A-23
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LTS Tad]

CHART TIFLE « SUBROUTINE

/  ELINE f

Qb lb--ri®

<VERSIDN 24

Jub
anweefF

ENGINE

- e
THRUST DF ONE

]
I a1

I T

THZ = TEMP 1
I
fox = TEMP

F = THRUSY

15F = AISP

1
1
1 1
1 1
1 1
I ]
1 LU ]
1 1
1 1
L] .

LMAZ=MAEINUR LINE
LENGTH LFM=p [PE
LENGTH,

MAK  NOLENGS . FERING ND
OF LIMES OF THIS
LENGTH MATAIX

FINQ OP/DC

ASSUNE THO
SYMMETANCAL
LINES,FIKST 5 LINES
FORCSECOND 4 AFT

-

1 WODTHZ = 1
L LFZISPR/AMR & 2.} |
1 1
1 wOBTDZ = 1
1 MAAWCOTH2 1
I . 1
1 wMZ = 0 1
1 1
] Wgz = 0 1
P — »

1

]

I NOTE @3
LI A B BB B B N BN ]
. BEGIM QD LDOP L
s ol w1, 2 .
L B I B B B B B R )

18,07-==})]

1 o4
[ ——
] P = PRESS t
I |
I OPOL = [
I DELP/LNAXET) 3

1 NDTE 0%

TR EEEEREEEES
& PEGIM DO LDQP .
L] Lo J = 1, 5 A
D IR R A
T
18.06===1]
1 asé
e e »
1 N =18 -~ 5 ¢4 [
-
]
. i
$I1LE LINE SEGMENTS
1
1
1 a7

1 PP - I
I DPOLeLFMIN,1H/2, |
L e )
]
1

i .
ASSUME | SOTHEAMAL
LINES

LOW PRESSURE APS DESIGN AND SIZING

COMPUTER PROGRAM

AUTOFLON CHART SET -

ALIME(ILE

--------------- L

] 09

PO I p—
1 ThH2 = 1
1 WODTHZ®LFN{N+2) |

] 1
1 TWOz = 1
1 WDOTO28LFRMiM,2)
1 - I
i DH2 » H
1 FHZIPTH2 TWHE, |
1 1
L2 -

Besvsssnm - ——
I DozZ = 1
t FOTIP,TO2,fuWDZ, L

LI I
aamm .-

.
i
1
i
1
1
|
1
]
I
1
1
L]
1
1
I
1
I
$r————
100 1 13
[ U
1 THHZS = i

I PoDH2#2.712.%5) |

B el 4

1
1
]
-
* =

» [ ]
FALSE » *

1%

L L
» -

.
| TRUE
I
|
1
1
1
1

15

i1 THH2 s DH27180. |

.
* OMZ +LE. 8B40
- L
. .
- L

L
+ FALSE |

[

[ —— T

i THHZ = Q.049 1

bmmmrr] = ——————— 1

t

- S e P R R RN N A Pt e P e ey e o e o e ot P R P e e e B e N N R P P P e e e et P O Lt P e et e e

- e AN . A N R e A A S S EE e P S P P e g o et e e P e e o SR o ek Aok N ek B W B P g e Tt S e e P e e ek B B S o B G Rt R

“A-24

L4 18
v »
* *
L] * FALSE
* DHT LE., &.0 #=---- +
. . 1
- - 1
. e 1
L] I
LYAUE 1
i ]
1 I
1 1
1 1
I 1
t 19 i
e ——a——— o L] [}
[} THHZ = 0,035 1 1
L LT T BN, . 1
t 1
[(=ommmmcaa- .-t
1
L 20
«
. L
L] & FALSE
* DHZ JLE. &,0 #omnecs
L] L] I
+ * T
. @ 1
]
I
1
I
I
1
I
1
[LET T LS 1
1 THHZ = 0.022 1 ]
e T |
1 [}
[lmmame—rmmmamy
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1 ARAAY + DESCEND WG
1 ORDER
1 I
P Tt e T ] |
]
390 A (L}
- L]
-
. .
. HQ .EQ. 1
* L] I
v . 1
. L 1
L] I
' LFALSE 1
1
I 1
] [}
] i
1 1
1 HWOTE 13 1
DR R R R R S|
. BEGIN DO LOOP - 1
L] %00 1 = 14 N2 * 1
e 0 R B R ENS S i
I 1
({amememmrrans =ommms
400 1 (L] 1 [}
ommme S | i
I Yol = OIWl # 2 - 1 | i
1 (3} | B i
B e e . 1 t
1 i 4
1 1 1
D Al B e 13
I ] ]
I I & T
1 1 .
1 1 * .
] J ND & .
1 #mm——— . END OF DD L
¥ » Lank .
1 . .
[ » L[]
1 .
1 1VES
i i
] 1
1 1
1 {
F e |
410 [ Y]
* EXIT *
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LOW PRESSURE APS DESIGN AND SIZING

CHART TITLE - SUBRDUTINE MIKER

COMPUTER PROGRAM

AUTDFLON EHI;IY SET -

4 MIXER ’

b 08~
aeeeasYERSION 16 APR
Mlecunse

Ll

1 ol
§ F = THRUST ]
1 - 1
1 MR = KMA 1
1 1
1 1
1 ]
L 1
» L]

GAS Om

1
1 it
] [
]
1
]
L

Liouig

(MAXTMUMTGAS*600 R}

1 03
e S LS DL )
i WOOTLH = 1
I LFAM2eWOOTHZ I
1 1
1 wooTLG » 1
| LFAGZewDOTOR |
[ DR - e e

1

1

i
NIKER CHAMBER (MC)
WELGHT

1 HRCHZ = 1
I 0.,0339%3, 80n2ee7, |
] 1

1
1 .08
[ 1

]
EMGINE FLOW
RATE { MAXT UMY
]

1

1
wooTHe =
FONEF1/15P)
(MR + L)

wobTO2 =
WA &D0THE

[
FLGM RATE

WHMLOZ =
355, 8D02%EZ,

o2

{
1

1
PRESSURE REGULATOR
(PR} WEIGHF,1RIS
TyPE,2 REQD.

1

.

1 I
I 2.94. 39142 I
1 WDOTHIsa0.A0LG8T 1
1 1
I WPROZ = 1
] .93 06081% 1
I WDOTOZ##D.a0k987 I
Mo mm i —————————— )

1
THAQTTLE WALYE (TV}

WE1GHT
YENTLR

»CAVITATING
I VALVE AND

ACTUATOR

MCDONNELL

DOUGLAS ASTRONAUTICS COMPANY = EAST

1 ar

Wwwmrr———— cmamsmal

ALY = WOITLH + I

1
LIDUID YALYE (LV)
MEIGHT 3 REQD.

1 os
Bemmw e ————— s naml
1 ALWZ = 1
] WODTLH® 144/ 1
T (RHOMZ*LYELMZ) ]
i ]
I o1 AL Mz I
1 CALHZSA.FPIION0.5 1
1 1
i ULVHZ » i
1 3.802,438D(ALWZes |
i 1.378} t
Bwrwr——-——— L

1

1

1 09
P —
1 Ao} - 1
[ wDOTLD®L44./ 1
1 (RHODZ¥LVELO2Y :
1
1 DlaLD2 = I
1 (ALOZv 4 /P) 15005 |
1 1
I wivg2 = 1
1 3.%12.43000140L0208 |
1 L.378% 4
[T PP EY LTI

1

[}

[
GAS YALYE {Gvi
WEEGHTLYISOR TYPE,Z
REGO.

]

1

1 10
[P P
H WGVHZ » 1
[ 2.%11.3903720H284 |
1 La 21447 i
1 1
1 wGvo2 = i
1 Z.901.5903Ve0020s |
1 1.2144T)
P cmcccde s mmw .=

i

1

I
TOTAL MIAER ASSEMBLY
(Ma) WE]GHT

I

]

1 14

Fecrmmmm ey = naa -
1 dMAHZ = wHCHZ ¢ I
1 WPEKMZ » WEV/2. + |1
I WLVMZ » WGYHZ 1
1 1
I WMADZ = WMCOZ + |
1 WPROZ + wWT¥/2. » [
I WLYD2 + WGYD2 I
] 1
i ]
-

AMR v WMAHZ
e tme e m—————————
1
1
1 L2
Brem e ————— N
L KISP = wWman? L

B sn m - —————————— .
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CHART TITLE - MON=PROUCEDURAL STATEMENTS

CUMMON OH2 0024 XNEF: KRR K1 4P, THRUST
REAL MRo ISP NEF,LFRNZ,LFAOZ,LYELH2,LVELDZ
DATA LERHZ,LFRAO2/0.ThsO. 8B/ LYELHZWLYELD2790.430.7 2 AHDHZ y AHODO2 /4.

13+71.6/,FIF3.14159/
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LTS Ta) ]

CHART TITLE - SUBRDUTINE PASHEN

f PASHER /

08, 24==u)n

saeess YERSION 1 WAY

Tlousanas
F THRUSY OF ONE
ENG [NE

TPAH = B,
TPAD =.0.

i
1
(
I
§ WHEXH = 0.
I
]
-

¢ FALSE

L]
¢ TIPRLN LEQ. *
. G0 .
L] .
L ]
L]
RLIY

i03

* EXIT »

MCDONNELL DOUGLAS ASTRDNAU‘I’I’(.‘" cOo

COMPUTER PROGRAM

AUTDFELOW CHART SET -«

e L

13 WASS FLOMW
1 RAVES, TIPACN 15 ONE
1
I .
1 1 04
1 [ e T T assssmmn®
1 1 WORTHZ = 1
] 1 IFLLFI/XLSP) 1
i 1 FUXMRLIMR) » I
1 T 1. )1ENEFLIF)exTO |
1 1 (
] I nogoroR = f
1 I WDOTH2EXNRTIMRD |
] 1 i
1 ] WDOTH2 = 1
1 1 WDOTH2*WPRLYH I
1 B mmm o ————
I [}
I [
I I as
i Bmmm o ———m— e L]
1 1 #DOFD2 = 1
1 I WDOTO2*WPRCNO 1
* .

1
I
I
HYDAODGEN $IDE
1
1
1
L]

3
L}
. .
. . TRUE
* WPRCNM .EQ.  e-»
* 0.0 LI
. . 1
. 1

.
IFALSE + 30 .

B
1 TUBODH = YuUBDW + |
t 2.9TTHH2

1
1 L]
] TUBAH = 1
I PI/4 #(TUBDOHSe, |
P~ TUBDHe®2Z,) + 1
I {TTHH2%1 . 1) 1
1 *3.*TUBDH 1

.

1 . 124
1 saan
1 100
i
1
|
TURE WEILHTS
1
L
T o
P r
1 TTHHZ = F I |
1 PTHIILE 1 1
1 *TUBDHIULTS [} L
Hestnmammmmmr— e ]
1 I
1 1
I 1
" 09 I
. . 1
- L] 1
FALSE # . 1
P * TTHM2 .LT. L 1
[ - D.022 . i
I b . 1
1 . 1
I . 1
[§ ITRUE I
i 1 i
1 I [}
1 ] 1
1 I [}
i I 1
[} 1 o9 ]
] #ecsmsmwmmwmam—— e .
I 1 Tremz = 0,022 1 I
| Mesamemrmmem—mm e . 0
1 1 I
P et I | 1
1
1
1
1
1
i
1
1
1
i
L
i
'
-
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1 ENTUBHS XNDP He

.
1
] TUBAHS TUBLGH® I
I
1 RHOTU®1Z. I

L]

1
TUBE ATTACHMENT

{RLVEY
WT=0.0L5LBSIFY]

I

1

I (¥
e
1 RIVHH = I

1 +OLSeTUBLGH® ]
i KNTUBH*ENGPH t
Mbsmmmmmm ————————— -
1
1

1
LIQUID LINES
1

|
I 11

L e .
ALLH = L

I WOOTH2* 14k ./ 1
1 (RHDHZOLVELHZE I
] I
i OLLM = 1
1 (ALLHE4. /RI) &0, 5
1 1
t 1
1

]

LLH =
L PRHITLFOLLHAULTS

mrmmmmmmaat |}

| 1t
S
L XLLLW = KLGH
I ANDPHOTUBLGH |
i L
f WLLH = ;
I PISOLLHSTILLH®
I ALLLH®RHOTU*12,
L ittt

GLMH =
DLLH*{ L. /XNOPH]
LIS}

Titn »
1 PTHA{ 1 A%DLMHIULES
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LOW PRESSURE APS DESIGN AND SIZING
COMPUTER PROGRAM

as/1L8/TL AUTOFLDN CHART SET - PAGE 34
CHART TITLE - SUBRODUTINE PASHEX
29,1 T==r)" e - ——— I
[ 1
hd ol 1 TUBE wE{GHTS
- . 1
- - 1 .

FALSE * ° . L 1 14
o s TLEH LLT. @ 1 e mmmmmm——maee L]
L] . 0.G22 . i . 1 TTHDZ = i
] . . 1 1 rrOtas) 1
r » . L] I sTUBBO/ULTS 1
1 1 P ———— e mwm———————— -
I i ]

1 1 1
1 1 1
1 1 L I L)
1 - 1 . a
] 1 . .
1 1 FALSE * *
1 ] #--=a=t TTHO2 .LV. L]
[ i 1 . 0.022 .
1 11 1 - L
I ] i L *
* 1 ]
1 1 TRUE
1 1
1 xLLPM = 1 1 1
1 KNTUBH#TUBGPH 1 1 i
I 1 14 1
I WLMH = 1 [ i
[ PLSDLMASTL HH® 1 i 1 1%
[ ALLMH*RHOTUSXHOPH | 1 i e mamm—
T » 1 I 1 TTHOZ = 0.022 1
i 1 1 B s r————————— i
1 1 ]
[ 1 +
GAS MANIFOLD L
. i 1
1 - i | TuROOD = YushD + |
1 0% ] L 2.oTTHDZ ]
B LT d . ————— - L] ) [ ] I
i ChiH = 1 i I TUBAD = \
1 EXNTUHH/ &4 ) 1 1 I PL/AL®ITURODD®®2. 1
1 LI P LTS I 1 I ~ TUBDO**2.b & |
1 sTuBDueeZ, L] 1 1 {TTHO2#1.1) 1
1 ] 1 L 02,20 TUBDD 1
1 . OH = 1 I L s
[ IGHAMY &, /P10, 5 | I {
] L e e a1 1 1
1 GHIH = L -1 . i o9 i 1 L8
| PTHLLEHOGADH/ULTS | I B ——asmmm—l 1 Brm e e —mmm e
y———ee o mmmmm————a 1 1 MYH = 1 1 I TUuBwWD = 1
L 1 ©1 Sae2.43¢{0LLN) 1 T ] TUBATH TUBL GO® L
§ i 1 1.378 B i KMTURADS ANDFO® T
1 - 1 B —— wan - 1 1 RHOTUS12Z. T
-1 1 1 1 T -——
. * 1 1 I r
. . ] t I i
FaLSE e - t PANEL AREA (TOTAL} 1 ]
- =" GMTH LT, - 1 1 1 TUBE ATTACHNENT
3 L] 0. 030 . I 1 1 CRIVET
1 . . 1 1 1% L WT=0.015LBS/FT)
I . L4 1 [ I
1 - 1 1 TPAH = i L 1
1 1TRUE 1 1 ANTUBHSTURSPHE 1 ] t 19
1 1 | [ TUBLGH®ANOPHLZ. | ] P dmm et n
1 I [ . e en I i RIVEQ = [}
1 1 ! 1 1 I 033 eTUNLG O i
1 1 I ] 1 ] XNTUBO® ] I
1 | Lot 0 1 oo mmmm -
11 1 [.1 1 TNTaL WEIGHTS I 1
L ————— vammar——— L] 1 1 1 1
1 T GATH = 0.GI0 1 1 1 1 1
1 L et - T 1 11 ] LLQUED LIMES
i i I L S T I | 1
- il ] ] 1 WHEXH = TyugsiH « | ] I
ar 1 1 REVEH + HLLW & 1 1 1 20
#aomom N e et L I | LOWLWH &+ WGRH ¢ WWH 1 L et v
1 MLGH » [} - ] I ALLG =
1 ANTUBHS TUBSPH ] 1 ] ] I KOOTOZoE&E, / 1
1 I 1 1 1 f CARDOZOLVELORZY 1
3 LI LI ] 1 t ] 1 i
] PIEGHOHAGHTHS 1 1 OXYGEN SIDE 1 ] OLLD = 1
1 GALGHRANOTUSKNOPH 1 I 1 1 § UGLLOR4. /Pl IRe.5 ]
Brw e ———— - 1 2%.08—-11 1 I ]
1 ] X ] ! i TLLO = 1
1 1 100 L 12 1 1 PEOCJSI=OLLO/ULTS |
1 1 . t v . ————————
VALYE WELGHTS (% ] . . 1 1
REQD ) 1 * » FALSE 1 ]
1 1 ® wPACMD .ED., Bo===-% I
I 1 L 0.0 L4 | I
* » » ——
- L] F3l.0l
.
1TRUE
1
1
]
1
1
113
. EXIT L]
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LOW PRESSURE APS DESIGN AND SIZING

COMPUTER PROGRAM

CHART TITLE ~ SUBROUTINE PASHEL

I
I
I
I
1
1
1
L]
1
1
I
i
I
]
I
+

1 o4
f T ]
oLMg =
1 OLiOs()./xNOPON )
1 "3 1
] ]
1 Lmg = ]
i LJJ I *OLMIFLTS 1
.-
1
1
)
* 05
» @
* -
. FALSE = *
m—— ILAD .LT. .
1 . 0.022 .
1 L] .
H LI ]
1 .
1 1 TRUE
1 1
1 1
1 1
1 L
1 [
1 1 D&
[ e B ]
I i TLMo = 022 1
i [ S emmmm——t
4 3
Fom—mmmmm———— LR}
1 ot
[ YUP—————— -
1 XLL#OD » 1
1 KNTUBD#TUBS SO i
i I
1 WLMG = i
t PLEDLMOSTLNO® 1
I NLLMO#RHDTUSKNOPD |
Bermmnarm e
I
1
5 1
‘GAS MAMIFOLD
1
3
P
i
MCDONNELL

30.20===}"
1

« 0l
LI
L] L]
FALSE ¥ L4
dommm—n Tl LT, *
+ 0,022 »
L] ]

1 XLLLD = XLBO ¢ i
1 xmDPOSTUBLGD l
1 I
1 WLLD = (
1 PL*DLLO®TILO 1
1 XiLLO®RHOTUSEZ.
Bommmmmeemcirssmenn el

1
1

1

LIQUID MaMIFOLDY
] .
I

AUTDFLOW CHART $ET -

PR ——— T

1 I 09
1 S ——_
1 I GHAD =
I ] {XNTUBD A & ) 1
I 1 SPII%.) 1
1 1 wfUBDOeZ. I
1 1 !
1 1 LHDO = i
1 [ (GHADS&./PTI®S.5 |
1 t 1
i 1 GuTD = 1
1 1 PTOCISISCHDOAAILTS |
1 W e e e o o e e e
L] 1
1 I
] I
1 * 10
[ * .
1 L] .
1 FALSE ® *
1 Samaat  GMTD LT, W
1 1 v 0.030 ¢
1 1 L] .
1 } . L]
1 I -
I I 1TRUE
i 1 I
1 1 1
1 1 1
1 I 1
1 I 1
3 1 1 n
1 I T vy ————
1 1 1 GWTD = 0.030 1
1 i L ———————————— ]
1 1 {
1 tmssssansaman]]
1 1 12
i Brmsmmmsrenrrrw————
1 1 GRLGO =
1 1 anTumDeTYUBSFD |
1 1 t
I 1 WeHD = i
1 | RieGMDOSGATO® 3
t 1 GNLGO*RHOTUSKNOPD 1
L D L e oL DT Y )
] I
I 1
] 1
1 VALYE NEIGHTS (%
L] 113
I
1 1
I I 13
1 e e e [
1 1 WD » 1
1 1 Sue2aadsipind 1
1 1 LIS} ] 1
1 [T ———
I 1
I ]
] 1
§ PANEL AREA [TOTALI
1 4
1 {
1 t 14
1 W oy = »
1 I TPAD = [}
1 I IMTUROSTUBSPO® |
1 I TUBLGO*MNDPO/L2. i
1 Wemamsemrmwr o —————
+ ]
]
]
TOTAL WEIGHTS
i
]
1 1]
LLELE L] - wrm——rn—-
L WHEKD = TUBWD +
I Ajwed + wWliD 1
L WLMD + WGMD + WVD |
Bamammm e m————————
I
i
[T
¢ ExIT *
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COMPUTER PROGRAM oL

DSILBSTL . AUTDFLDY CHART SET - PAGE 32

CHAAT B1VLE - NON-PRACEOURAL STATEMENTY

OLMENSLON FILOF, MMR{NOTATHI1D1PTOC101 KNEFIIOD

COHHDN!HEKITUBDN-TUHDO-TUBS"H.TUBSPD'l'UBlGKoTUBLGD.KNTUBH.INIUID .

AROPHL ANDPOPTH, PTO, £ 14 40, Fu [F L KMR,y IR KISP wANEF yTPAH, TPAQSNHEXH,
© WHEXO»WPACHD. WPRCNH. T PRCNGRITO

REAL LVELHR2.LYELOZ

DATA ﬂNﬂlUnULTSI.I.OI‘6§OOO-I.I.UELNZ'LI'ElDZIiO..!D-f"PlI!.l&lS‘F #R

HOMZ g ARHG027 40 L3 71087 ¢ ALGHL XLGO/ 330y 2044
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assisL AUTDFLOw CHART SET - PAGE 33

CHART TITLE - SUBRDUTINE PROPEL

f PROPEL /

0be32-==1"
......... YERS[ON 13
DEC 63.evectasnaans
»
i 11

1 WHL =

1 TDTI#R[SPeLL./
i IKHR + 1.)1

i

I whi =

I TOTI/KISPe(NMR/
] (XM & L1.})
1

1

1

]

.

ALISP = WHZ

P — ]
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& | COMPUTER PROGRAM JONE 1971

LTSt Tal) AUTOFLON CHART SET - PAGE 34

CHARTY TITLE - MON-PROCEDURAL STATEREMTS

COMMON RAAB,AC,XISP,XMA, YOI
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CHARY TITLE = SUBRDUTENE

/ TaNn 7

07.07~==)"

sssaansVEASICN 3 MiR

[l

SUPPORTS FOAMINZY,
CODLING

SHROUD . INSULATION AMD
SUPPORTS . FIDERGLASS
AND SUPPOATS, AND
PROPELLANY
ACQUISITIDN DEV¥ICE
TANE BURST PRESSUNE

[ ———

: TPBHZ ® PTHAZ.O 1
[

1 PBDZ = FYO%2,.0 1
-

1

I

1 .
MROPELLANT YEMY.BOIL

OFF4AND LIQUID
RESIDUALS (o OdY

BISSIONS

I

]

1 a2
Smmm b AMR A N————— »
1 WVHE = I
] {LiWNZ/ 1930 ) I
[IRL LT 0 L PO S
1 9.7T1/7181.%8.%24, I
i 1
1 WY02 = 0.0 ]
1 I3
1 WBOHZ = i
I 25.771wH2/1930.) 1
1 [121] L
[ 1 L]

48002 =
48,41 (H02/5800.1
"w.bel)

WHZ = WHZ ¢
L WYNZ + WBOM2

WOZ = WOZ *
wy0Z2 + wdDO2

WHZ = WHZ/.9%)

s e et e

1 (2]

= wiz2/.987 1

TANE SIIE

vOLHZ = I
WHI® ., 224201728.8

I
i
1
]
NOZ® . O14D481T20.¢ |
1.0% i

I

RADH) = i

]

]

»

(3.9VOLHZ/ 1 4. #3,

[ ]
]
]
1
I
] youdd =
3
]
{
I
t
I iel6liee.133)

MCDOMNNELL DOUGLAS ASTRONALUTICS

TANR

LOW PRESSURE APS DESIGN AND SIZING .

COMPUTER PROGRAM

AUTOFLDW CHART SET -

[ 1Y

1
1
1
]
i
1
1
]
1
1
1
1
1
i
I
+*

1 -1 ]
frasassrssssnesmus nn
I RA -

1 (3.090L02740"3. 1
1 1418} h0e. 3333 ]
i !
1 SURAML = 1
I &aviclelboRaDeies |
1 F 1
1 1
I 1
I ]
1 ]
L 2 L ]

]
TAME THICKNESS
: . 1

I ™ = 1
I PRHZORADHZIFI(Z.% |
1 #4000, ) 1
L

]

1

L]

. o

LI )
- .
FALSE .
+—n—® FHZ LT, 0.04 @
- -
. )
.« »

LRLY

[

1

1

1

1

[ on
[ ———Y
I THZ = D.04 [}

o2 =
PBO2RADDR/{ 2.
S4000.)

FALSE * *

dommunt T02 AT, O.04 @
L L]

1 12

] T02 = 0.D4 1

1
TaNk WETGHT AN
SUPFORT INUN-DPTIMUM
FaCtom §s 1.1)

1

4acessvssnsnsnanasa )
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PAGE 33
1 T3
Becmmemaicasnsmanaant
WTMY » t
SMANZeTHZY 101
[ 1
1
WYSHE = I
Q. L*YOLHZ/FL224. 1
1
Wiz » 1
SURADZOTO20.101¢ |
N 1
B o
1
1
1 15
[ R ——
1 WTSOZ = 1
I 0.0z o002 . |
L] - a— (L]
1 H i
1 1 INSULATION AND
1 i SUPPDRT
HZ TANR FOAN 1 1
1 [ 1
1 [ t 1]
l |. l e mn s ———
O ———————ead ] 1 WiM2 » 1
I WEND = [ I SURam2w.b8es.7 ]
1 SURAHRR.AZe2.5/ 1 1 1 1728.%1.1 1
1 1T28. [ 1 1
L e T | 1 NIDZ = 1
1 1 1 SURAQ2*.97eS./ I
1 1 1 1728.%1 1
i 1 o -
COOLENG SMADUD (B DAY 1
MEESION) §
1 1 |
i 1 FIBERGLASS A%D
T LT I SUPPDAT
—————— e e d 1 1
WVANZ = i 1 ]
uYHZI{B. 0243 1 ] 1 22
4 I [ PR P Lt e e L L T ]
NIl o» t 1 ] WFGHI =
MYAH2/ 48004, | | SURAMZ®.0Ze,067a 1
I 1 ! 1
WL = AINTENLD ¢ | 1 1
1 1 WFGOZ = L
1 1 SuRaQ2e.02n ]
1 1 1 1
. Brmmm—— .

B mmmrmm .. ———
[ W2 = AINTINZ) » |
i 1.0 ]
1 1
i TUBLSA = 1
1 3040674 *1(.12%0 ]
] Yiet - 1
I {.103%02,0) # t
1 H 1880.0 L
.- .

Wemmsmcccmcmm——— ————
1 WLTHZ =
1 TUBLSA®(3.Laelie
1 RADHZe®M1)é.)101
1
I WCTHE = 4, ¢
1 WCTH2
i
1 WLTOZ »
I TusLSam{l.Laldw
1 RaDO, FilJ
o - -————
1
]
] 20
[ T |
HLYOR = b, ¢
L0
L 14 P

SURAN2Y,005%, 101

WCSDZ =
SURADER, O

I
i
1
i
1
1
1
1
»

frmmmmm e ————

-t

1
i
]
1
1
1
1
1
1
I
§
]
i
I
i
i
1
1
I
]
]
I
i
I
I
1
]
I
]
1
1
1
1
1
i
1
i
I
i
1
]
[
1
1
L
]
i
I
]
I
*

1

1

1
ACOUISITION DEYICE

I
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COMPUTER PROGRAM : ldglrfﬁml?lll

LETAT PR AUTOFLOS CHARD SET - PAGE &0

T CHARE JITLE - SURATUTINE  PROFO2AT.PaRHOH. S )

/ 270 ’

i
5T.20=~=t1
1 09
B SECTION WETHOL . —u-
59, 12--—}* L5%. 13
240 | el . .
L il » aas 220
1 Pl o= 1
I FUNCTUO.+8%. «RHOI 1
L 1
1 ] 1
I FUNCTED. 055, L
3 AHO1 i
1 I
1 Tl = @5, I
1 ]
1 T2 = 15%. 1
1 ]
i K =0 1
B R et Rt ]
1
e et L L e e +
i 250 i o2 i
] e aammm e ——— . 1
1 LT« 7L ¥2ar2. | 1
I § 1 1
1 ] L4 ] { 1
1 1 FUNCT{O.sT,RHOI 1 i
1 e * ]
I 1 1
| 1 |
1 1 1
1 . o3 t
1 . L I
1 L * i
I * ABSILP - ¢  TRUE t
1 v POI/P) LLE. = 1
I * 1.0E-&% * 1 t
t - » 1 L
[ . - I L]
] . Y i
1 LIFALSE . bl 1
1 T . . 1
] I I 1
L] 1 EL 1
1 1 1
1 | [
1 1 o0& 1
1 e it I | 1
1 t K=K+ 1 I 1
1 e 1
1 I ]
I ] 1
] I 1
1 - as i
1 . . 1
1 L] . 1
1 - * TRUE 1
1 * x LGT, 5D LAY ]
1 » ’ 1 §
1 . - 1 I
| L 1 ]
1 » snan 1
{ JFALSE . 3B ]
1 1 . - 1
I 1 anan 4
E ] 350 1
1 1 i
1 1 1
t 1 1
1 . -1 1
1 * - 1
1 . * 3
1 L] P - * TAUE 1
1 « POIO(P - Ph} Wememmmammro oo 1
1 % .LE. D.O * i
1 - . L]
1 . L] 1
1 - 1
1 iFaLSE i
i 1 1
1 1 1
I 1 1
1 1 PO
] 1
1 | ot
] B e ———— L]
1 1 PlL = PO 1
1 | 1
| 1 =1 I
1 R R T EE S P L]
i )
1 I
#eme-rassssmrad

A-67

MCDONNELL DOUGLAS ASTRONAUTICS COMPARNY » EAST



03418471
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LOW PRESSURE APS DESIGN AND SIZING
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- LOW PRESSURE APS DESIGN AND SIZING -

COMPUTER PROGRAM
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